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ARTICLE INFO ABSTRACT

Keywords: The direct synthesis of dimethyl ether (DME) on bifunctional catalysts is highly attractive for valorizing CO2 and
DME syngas derived from biomass gasification and is a key process to reduce greenhouse gas emissions. DME economy
Syngas

(conventionally based on its use as fuel) arouses growing interest, in parallel with the development of different

g‘ilfi;ctional catalyst routes for its conversion into hydrocarbons (fuels and chemicals) and H, production. This review, after analyzing
Y different routes and catalytic processes for the valorization of CO,, focuses on studies regarding the thermo-
Thermodynamics

dynamics of the direct synthesis of DME and the advances in the development of new catalysts. Compared to the
synthesis of methanol and the synthesis of DME in two stages, carrying out the reactions of methanol synthesis
and its dehydration to DME in the same reactor favors the formation of DME from CO; and from CO; co-fed with
syngas. Starting from the experience for syngas feedstocks, numerous catalysts have been studied. The first
catalysts were physical mixtures or composites prepared by extrusion of methanol synthesis catalysts (CuO-ZnO
with different carriers and promoters) and dehydration catalysts (mainly y-Al;03 and HZSM-5 zeolite). The
performance of the catalysts has been progressively improved with different modifications of the composition
and properties of the components to upturn the activity (lower for the hydrogenation of CO, than for CO) and
selectivity, and to minimize the deactivation by coke and by sintering of the metallic function. The core-shell
configuration of the bifunctional catalyst allows physically separating the environments of the reactions of
methanol synthesis and its conversion into DME. The confinement facilitates the extent of both reactions and
improves the stability of the catalyst, since the synergies of the deactivation mechanisms are eliminated.

Core-shell catalyst

Abbreviations: Al MAS-NMR, Al magic-angle spinning nuclear magnetic resonance; BTX, Benzene, toluene and xylenes; C;-Cs, Hydrocarbons containing 1 to 5
carbon atoms; Cs, Aliphatic; CCS, Carbon capture and storage; CI, Compression ignition; CIZO, Cu-In-Zr-O metallic catalyst; CNG, Compressed natural gas; CNT,
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Diisopropanolamine; DMC, Dimethyl carbonate; DME, Dimethyl ether; DS, Dimethyl ether synthesis; DTG, Dimethyl ether to gasoline; DTO, Dimethyl ether to olefins;
EB, Ethylbenzene; ECBM, Enhanced coal-bed-methane; EDR, Ethanol dry reforming; EGR, Enhanced gas recovery; EOR, Enhanced oil recovery; ESR, Ethanol steam
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to paraffins; NG, Natural gas; OCM, Oxidative coupling of methane; ODE, Oxidative dehydrogenation of ethane; ODP, Oxidative dehydrogenation of paraffins; OX/
ZEO, Metal oxide and zeolite composed catalyst; PEM, Proton exchange membrane; PEMFC, Proton exchange membrane fuel cells; PMMA, Polymethyl-methacrylate;
POM, Partial oxidation of methane; SAPO, Silicoaluminophosphates; SOFC, Solid oxide fuel cells; TEA, Triethanolamine; TOS, Time on stream; TPO, Temperature
programmed oxidation; TRL, Technological readiness level; WGS, rWGS, Water gas shift and reverse water gas shift reactions, respectively; XPS, X-ray photoelectron
spectroscopy.

* Corresponding author.
E-mail address: ainara.ateka@ehu.eus (A. Ateka).

https://doi.org/10.1016/j.fuproc.2022.107310

Received 9 February 2022; Received in revised form 3 May 2022; Accepted 3 May 2022

Available online 14 May 2022

0378-3820/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


mailto:ainara.ateka@ehu.eus
www.sciencedirect.com/science/journal/03783820
https://www.elsevier.com/locate/fuproc
https://doi.org/10.1016/j.fuproc.2022.107310
https://doi.org/10.1016/j.fuproc.2022.107310
https://doi.org/10.1016/j.fuproc.2022.107310
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuproc.2022.107310&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Ateka et al.

1. Introduction

The increasing estimates of CO, emissions, at a rate of 33 GT/year, a
concentration forecast of 570 ppm by the end of the 21st century, and
the serious consequences of climate change, as numerous natural di-
sasters (heat waves, hurricanes, wildfires, droughts, sea level rise), are
some of the most pressing problems for humanity. In this scenario, a
deep transition period towards a zero-emissions energy model, based on
the increasing utilization of renewable energy sources, may be expected.
The taxes to the countries for CO5 emissions [1] and the economic
consequences of climate change (valued at a loss of 31 billion-dollar in
2017 [2]) are also an incentive to take measures aimed at reducing the
net emissions of COs.

The technologies for CO5 capture and storage/sequestration (CCS)
have received extensive attention [3]. The physical absorption (where
CO, is scrubbed from the flue gas) is common for high CO, partial
pressure. It is carried out at low temperature, with low energy require-
ment and it is favored using commercial solvents. Using chemical ab-
sorption, CO, present in low concentration can be separated reacting
with alkanolamines or dissolved alkaline salts. Among the former, MEA
(monoethanolamine), DEA (diethanolamine), TEA (triethanolamine),
MDEA (methyldiethanolamine), DIPA (diisopropanolamine) and DGA
(diglycolamine) are used. KOH is commonly used as alkaline reactant.
Separating COy using membranes requires lower capital cost and the
equipment occupies smaller space. The membranes used are prepared
with different materials: zeolites, carbon nanotubes (CNT), polyamides,
polyether sulfone or polydimethyl phenylene oxide, among others [4].

Adsorption is effective for low COy concentrations using zeolites,
silica based-materials (microporous as SAPO-34 or mesoporous as MCM-
41 or SBA-15), activated carbon, graphene, metal-organic frameworks
(MOFs), lithium orthosilizate (Li4SiO4), lithium zirconate (LizZrO3) and
other porous materials as adsorbents. For chemical adsorption, materials
(mainly carbons) functionalized by polymeric amines (poly-
ethylenimine, polypropylenimine, polyallylamine, polyaniline, amino
dendrimers, and hyperbranched polyamines) are used [5,6]. In general,
the capture capacity is higher for adsorption than for absorption
(88-176 kg of CO4 per kg of adsorbent, and 0.4-1.2 kg of CO; per kg of
absorbent, respectively). Cryogenic distillation produces high purity
liquid COy, and is an interesting method to treat gas at high pressure.
However, the cost of this technology is high, due to the energy
requirement for refrigeration. Electrochemical technology is another
emerging alternative for CO5 capture from mediums of different con-
centration. The characteristics of this technology and the development
state have been explained by Sharifian et al. [7]. Using the “pH swing”
concept, CO; can be captured and recovered, which facilitates its sub-
sequent online valorization. Given the higher cost of this technology
over others commonly used (and in particular with respect to absorption
with amines), its economic viability requires using renewable energies
and developing low-cost membranes.

CCS technologies for stationary sources contemplate the [8]: i) Direct
air capture (DAC) for CO5 removal from small sources and from the
transport sector, responsible of 1/3 to 1/2 of total emissions, and; ii)
moving to remote sites for large-scale CO, sequestration. To finance the
expensive investments required by these technologies, it is essential to
promote COy upgrading generating an economic benefit. Among the
CO,, utilization technologies [9-24], two objectives are distinguished,
the direct use (pure or in solution), and its use as feedstock for the
production of chemicals and fuels (use after transformation). The direct
use of COy for carbonated drinks is associated to the origin of the
commercialization of soft drinks. It is also used as fire extinguisher,
refrigerant, anesthetic gas, dry ice, solvent, process fluid and welding
medium. Other routes directly using CO2 on a larger scale comprise
methods for the extraction of mineral sources: EOR (enhanced oil re-
covery), ECBM (enhanced coal-bed methane) recovery, and EGR
(enhanced gas recovery). The use of CO; in micro-algae cultivation
along with free sunlight has the advantage of operating at mild
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conditions, but requires controlling the pH (in the 6.6-10.5 range) and a
sealed reactor.

The transformation of CO5 into chemicals and fuels is difficult, given
the thermodynamic stability of the molecule due to its structure,
constituted by a carbon atom with its four electrons bonded to oxygen
atoms through covalent double bonds (O=C=0). Moreover, the Gibbs
free energy of COy (AG® = —394 kJ mol 1) is much lower than that of
the possible products of its transformation. Consequently, the challenges
of the processes for this transformation are very demanding. Among
them [11]: i) Great energy supply from renewable and carbon-neutral
sources; ii) the use of high temperature and/or pressure, or; iii) the
intervention of catalysts active sites, organisms or biological species
capable for activating the reactions involved. In Fig. 1 different routes
for the transformation of CO5 are gathered.

The processes for CO, transformation through chemical and elec-
trochemical reactions have multiple technological alternatives. As to the
electrochemical reduction regards, two possible routes are distinguished
[25], with CO, as intermediate to produce formic acid, or CO and hy-
drocarbons (mainly methane). Jiang et al. [26] have summarized the
recent advances in understanding the reaction mechanism and exploring
cathode materials. The external energy source in these processes can be
thermal, electrocatalytic or photocatalytic, providing the opportunity to
these processes to be integrated with renewable energy production
(solar, wind and marine). In the artificial photosynthesis strategy,
semiconductor catalysts convert CO5 into hydrocarbons with solar en-
ergy through a multielectron transfer mechanism. In this mechanism,
TiO5 (commonly used as catalyst) absorbs light upon illumination and
generates a pair of photo-excited electrons and holes. These initiators
interact with HoO and CO; molecules to produce methane and other
products by selecting appropriate catalyst (usually prepared by doping
TiO5) and conditions [27].

However, the chemical reactions occur at a high rate and are carried
out in an easier-to-scale reactor. Some authors classify the chemical
transformation pathways according to their energy requirements [13].
Kamkeng et al. [11] make a comparison of the CO, transformation
routes according to different criteria (technological maturity, cost con-
siderations, market analysis and amount of CO used). Taking into ac-
count the technological readiness level (TRL) tool (Fig. 2), synthesis of
methane and methanol have high TRL values (7-9). The main advan-
tages of hydrogenation processes focus on the market interest of CO»-
derived fuels and raw materials (gasoline, methanol, DME, methane,
olefins, aromatics), and on the amount of CO5 used in their production
(2.6 t fuel/t CO; in Fischer-Tropsch synthesis). Nonetheless, in terms of
cost per ton of product, the interest of these processes is conditioned by
the price of Hj.

2. Catalytic processes for CO, conversion

The different catalytic and electrocatalytic processes for COy con-
version into fuels and chemical products have been reviewed several
times [10,13,28-31], and these are schematized in Fig. 3. It can be
observed that some products are, at the same time, raw materials for
other processes. That is, oxygenates (methanol and DME) with interest
as fuels, are converted into olefins (MTO and DTO processes, respec-
tively) [32,33], into hydrocarbons in the gasoline range (MTG and DTG
processes, respectively) [34,35], or in BTX aromatics [36]. These re-
actions proceed according to the dual cycle mechanism, with arenes and
olefins as intermediates [37], and the product distribution is dependent
on the acidity and shape selectivity of the catalyst (based on SAPO-34 in
the MTO process and based on HZSM-5 zeolite in the other processes).
Besides, methanol and DME are hydrogen vectors (through reforming)
[38,39]. Methanol (MeOH) can also be selectively dehydrogenated to-
wards formaldehyde [40], which will be used in polymers and resin
production.

Furthermore, CO, allows for the production of synthesis gas (Hy/CO)
through the reverse Water-Gas-Shift (rWGS) reaction (where CO; takes
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Reproduced from the work by Kamkeng et al. [11]. Copyright 2021, Elsevier.

the role of Hy acceptor) [41] or by dry reforming of methane, hydro-
carbons or oxygenates (where COy acts as oxidant agent) [42]. In
addition, synthesis gas or CO5 directly can be converted into a hydro-
carbons mixture, either through the Fischer-Tropsch (FT) route [43] or
with MeOH/DME as intermediates, over bifunctional catalysts [44,45].
These reactions can be controlled by choosing selective acidic functions
for the production of Cy; alcohols, isoparaffinic gasoline or aromatics.
From the energy requirement point of view, the reactions in which the
second reactant has a higher Gibbs free energy have lower energy
requirement and so, are more favorable. However, CO5 hydrogenation
reactions require a large amount of external energy and the use of a
catalyst to overcome the activation barrier. According to this classifi-
cation, already suggested by De et al. [46], the characteristics of the CO5
conversion processes are described in the next sections, distinguishing
those not requiring Hy as reactant (Section 2.1) and hydrogenation
processes (Section 2.2).

2.1. Reactions without Hs as reactant

These reactions are of greater interest in an energy transition state
like the current one, prior to the availability of Hy produced from sus-
tainable sources and using renewable energies.

2.1.1. Oxidative dehydrogenation

2.1.1.1. Methane as reactant. The direct conversion of methane into
ethane (Eq. (1)) or into ethylene (Eq. (2)), through oxidative coupling
(OCM) forming C-C bonds, has a growing interest in valorizing bur-
geoning natural gas reserves, in which CO2 content may reach 10%.

2CH,+ CO,—CH;CH; + CO+ H,0 (€D)]

2CH,+2C0,—CH,CH, +2C0O+2H,0 (2)

These reactions occur through the following mechanism [47]: 1)
Cleavage of methane C-H bonds in the active sites of the catalyst,
forming CHs* and CHy* radicals; 2) dissociation of CO5 towards CO and
O* active oxygen; 3) coupling of these radicals; 4) recombination of
CHs* and CHy* radicals; 5) dehydrogenation, either oxidative or radical,
of ethane to ethylene. The catalysts must be selective, avoiding the
formation of syngas by dry reforming. The strong basic metallic oxide
catalysts used can be grouped into [19,48]: 1) Pure oxides of the
lanthanide series, of which LayO3 shows the greatest performance; 2)
basic oxides loaded with Group 1 or 2 cations (Li/MgO, Ba/MgO, and
Sr/Lay03); 3) transition metal oxides containing Group 1 cations, and; 4)
redox catalysts, like CeOy modified by Group 1 and 2 cations. Over
Zr0,/TiO, catalysts acetic acid is formed by the insertion of the adsor-
bed CO; into the CHs* species, followed by the hydrogenation with H*
in the adsorption of methane [49].

2.1.1.2. Pardffins as reactants. The production of light olefins through
oxidative dehydrogenation of their corresponding paraffins (ODP) (Eq.
(3)) is an upgrade. In this manner, raw materials are obtained for the
production of polyolefins and, at the same time, the high-energy
requirement of steam cracking, as well as the rapid deactivation of the
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catalyst due to coke deposition (attenuated by the gasification capacity
of CO,) are avoided.

C11H2n+2 + COZ_)CHHZn +CO + HZO (3)

The most studied catalysts for ODP are based on redox properties,
principally MoOs, CryO3 and V20s. CeO; (with well-established redox
properties), ZrO,, TiO,, SiO; and zeolites (HZSM-5, MCM-41) have been
used as supports, since the mesoporosity of the latter is known to favor
the dispersion of metallic oxides [50]. The basic character of these
catalysts favors CO; adsorption and olefins desorption, while paraffins
dehydrogenation is activated by the presence of the acidic sites.

ODP mechanism [51] considers the rWGS (Eq. (5)) reaction, where
Ha, product of the dehydrogenation, is oxidized by CO,. Furthermore,
paraffin dry reforming (Eq. (6)) and coke deposits oxidation through
reverse Boudouard reaction (Eq. (7)) are considered.

CoHy2=C,Hy, + H, @
Hy + CO,=CO + H,0 ®)
C,Hy, 12 +nCO,—2nCO + (n + 1)H, 6)
CO,+ C=2C0O @)

The thermodynamic analysis of the CO; assisted dehydrogenation of
ethane (ODE) shows the need for reaction temperatures above 550 °C for
a good compromise between the extent of the hydrogenation and rWGS
reactions according to Najari et al. [52]. These authors review the ad-
vances in this reaction, comparing the behavior of the most used cata-
lysts. The catalysts are based on Ni, Ni-Fe, Cry03, GazOs, or CoOyg, and
use acidic supports as y-Al,03, SiO3, CeO,, ZrOo, TiO2, SBA and zeolites
(being HZSM-5 the most common).

Jiang et al. [53] classify the catalysts for CO, assisted dehydroge-
nation of propane (ODP) according to the nature of their metallic
function, distinguishing: i) Redox-type catalysts (those based on CrOy
are the most used ones). The redox cycle is described in Egs. (8)-(10)
[54]; ii) non-redox type catalysts (GazOs polymorphs, GazO3-Al,O3 solid
solutions and mixed GaO5-Zr0O3), and iii) other transition metal catalysts

(Fey03, Fe-Ni, MoyC). As supports, the afore-mentioned ones for ODE,
mesoporous zeolites (such as MCM-41) and activate carbons have been
tested.

C3Hg + CrO,=CrO,_, + C3Hg + H,O (8)
CO, + CrO,_,=CO + CrO, 9
H, + CrO,=Cr,_ + H,O 10)

It should be pointed out that the dehydrogenation of Cs . paraffins is
not viable due to the fast catalyst deactivation by coke deposition.

2.1.1.3. Ethylbenzene as reactant. The oxidative dehydrogenation of
ethylbenzene (ODE) to styrene is of great interest to avoid selectivity
limitations and catalyst deactivation by coke in the conventional in-
dustrial process without oxidant agent, which require an excess of
vapor. ODE with CO, as dehydrogenating agent, with the steps
described in Egs. (11), (12) and (5), results in a styrene selectivity of
97% and its energy demand is of approximately a tenth of that of the
conventional process. Therefore, it offers an attractive option for satis-
fying the growing demand of styrene (yearly production of 14.6 Mt) in
the production of synthetic rubber, polystyrene and styrene-acrylonitrile
copolymers.

C¢HsCH,CH; + CO,—~CsHsCH = CH, + H,0 + CO an

C¢HsCH,CH3—CsHsCH = CH, + H, 12)

Fey03/CeO4 catalyst has a high activity attributable to the redox
activity of the Ce sites (changing Ce** and Ce®"), promoted by Fe** and
whose presence improves the oxygen storage capacity of Ce [55]. The
relevance of both the redox efficiency and the mesoporous structure of
the support has been proven by Burri et al. [56] using CeOy-ZrO; sup-
ported on SBA-15. VOy, M0Oy, WOy, CrOx-based catalysts have also been
studied, either supported on SiO5, mesoporous zeolite (MCM-41) or
active carbon incorporated in hydrotalcite (Mg-V-Al structures) [57].
With the latter, Sakurai et al. [58] obtained an ethylbenzene (EB) con-
version of 67.1% and styrene selectivity of 80%. Different mechanisms
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have been proposed for ODE from EB, considering the three step
mechanism the most favorable thermodynamically [59]:

CsHyg +o0os=CsH,y — 0s 13)
CsHyo — 0s + rs—CsHg +2H — os (14)
H —os+H —os—H, +20s (15)
CO;, () +152CO3,) + 0 —rs (16)
H; () 4+ 0 —rs=H,0y) +rs a7
CyHg — rs—CgHg +rs 1s)

where “o0s” refers to the oxidizing sites and “rs” to the reducing sites.

2.1.2. Dry reforming

Beyond CO; transformation, the lower energy requirement of dry
reforming than that of steam reforming is a remarkable advantage,
although Hj yield and the resulting Hy/CO ratio are lower. Its applica-
tion has extended to the conversion of fossil sources (methane) and
sources derived from biomass (as ethanol, glycerol and bio-oil).

2.1.2.1. Methane as reactant. Methane dry reforming (MDR, Eq. (19)) is
the principal route for the current production of Hy. Although CHy4 is a
fossil source, the process has good future prospects for biogas feedstocks
(with CH4 and CO5 as major components) derived from the anaerobic
digestion of organic waste materials [60].

The reaction steps of MDR on the catalyst surface involve:

1. Methane adsorption and abstraction of hydrogen:

CH,~CH,—~CH,  +yH (20)

2. CO; adsorption and abstraction of an oxygen atom:

C0,—»CO,—»CO" +0" (21

3. The formation of CO and hydrogen on the surface:

CH +0'-CO" +H" (22)

4. The formation of H5O:

O+H —-O0H +H —-H,0"—-H,0 (23)

5. The recombination of hydrogen on the surface and desorption:
H" +H*—>H;—>Hz 24)

In addition, the WGS reaction (Eq. (5)), the coke formation reactions
by decomposition of CH4 (Eq. (25)) and formation/gasification of coke
by the Boudouard reaction (Eq. (7)) take place.

CH,—C +2H, (25)

The main limitations of MDR are the high-energy requirement (even
being lower than for steam reforming, MSR) (heats of 247 kJ mol ! and
228 kJmol?, respectively), since temperature above 800 °C is required;
and catalyst stability, affected by sintering and coke formation. The
energy demand is reduced and coke formation is attenuated by
combining MDR with MSR and POM (partial oxidation of methane). For
that purpose, according to the tri-reforming concept, methane is co-fed
with HyO and O, [61]. Li et al. [62] have made a review on the advances
on the technologies for heat supply, alternative to fossil fuels, including
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photochemical and electrochemical, plasma-assisted, solar energy,
operating in solid oxide fuel cells, coupled with inorganic membranes
and chemical looping reforming.

Noble metal and transition metal based-catalysts have been
exhaustively studied [63-67]. According to activity they can be ordered
as follows [68]: Ru ~ Rh > Ni ~ Ir > Pt > Pd > Co. Ni catalysts are
generally used regarding their high activity and low cost. Anyhow,
sintering and coke formation is quite fast for these catalysts. A great deal
of effort has been addressed to improve the stability of Ni catalysts in
MDR. Thus, various strategies have been used for attenuating sintering
through strengthening the metal-support interactions: forming bime-
tallic catalysts, where metal is dispersed in nanoparticles [69], incor-
porated within perovskites [68] or with spinel and core-shell
configurations [62]. The stability of Ni catalysts has also been upgraded
incorporating in the support (Al,O3, SiO5) basic promoters as alkaline
metals (Li, Na, K), rare earth metal oxides (LazOs, CeO3, Y203, Smo03)
and reducible transition metal oxides (ZrO,, TiO5, MnO,, M0QOs3). These
materials promote Ni dispersion, metal-support interaction, oxygen
mobility and CO, and HyO adsorption, attenuating coke formation
[70-72]. A strategy to avoid catalyst deactivation by coke in the dry
reforming of methane is to carry out the reaction without catalyst, with
acetylene as intermediate. However, very high temperature is required
for this approach (1400-1800 °C) [73].

2.1.2.2. Oxygenates as reactants. Although the stoichiometry of ethanol
dry reforming (EDR) corresponds to Eq. (26), in parallel, the steam
reforming (ESR) reaction will also take place, because the HyO content
in the ethanol (bio-ethanol) obtained from hydrolysis/fermentation of
biomass is remarkable. This coexistence of dry and steam reforming also
occurs for other bio-alcohols (such as butanol) and biomass-derived
oxygenates, such as glycerol and oxygenates in bio-oil (product of the
fast pyrolysis of biomass), whose stoichiometry of dry reforming ideally
corresponds to Egs. (27) and (28) respectively. Furthermore, all these
bio-oxygenates undergo decomposition and dehydrogenation reactions,
which require a catalyst and suitable reaction conditions to reform the
by-products (CHy, olefins and aldehydes) and to minimize the formation
of coke.

C,HsOH + C0O,—-3C0 + 3H, (26)
C,H,0. + CO,—~CO + H, (28)

These reactions have received less attention than bio-oxygenates
steam reforming and the main challenge has been achieving catalyst
stability [74]. In EDR catalysts based on noble and transition metals
have been studied. Da Silva et al. [75] propose a mechanism for the Rh/
CeOy, catalyst involving the role of oxygen vacancies in the CeOs. As to
attenuate coke deactivation high values of temperature (around 1073 K)
and an ethanol/CO; ratio (around 3) are required [76]. The combination
of SBA-15 (with high specific surface) with CeO, (redox capacity) in the
support improves the activity of the catalyst [77]. Comparing different
supports, Drif et al. [78] determined the following activity: Rh/NiO-
A1203 > > Rh/A1203 ~ Rh/MgO-AlgOg ~ Rh/CeOZ-AIQOQ, > Rh/ZI'Oz-
Al;03 ~ Rh/Lap03-Al;03 at 1073 K. The high activity of Rh/NiO-Al,03
was attributed to the smaller Rh particle size and to the presence of
NiAl,04 spinel phase, which limited the migration of Rh in AlyOs. Ir/
CeO;, catalyst has also shown a good behavior in the EDR reaction at 973
K, with the complete elimination of coke formation on the catalyst [79].

Ni-based catalysts are also very active, according to CO, conversions
following the order: Ni/CeOy =~ Ni/Al,O3 > Ni/MgO ~ Ni/ZrO,. To
attenuate sintering and coke deactivation, the interest of incorporating
Co and promoters with redox capacity has been assessed [80,81]. The
activity of Cu and Co as primary catalysts and the effect of promoters
with redox capacity for enhancing their stability has also been studied
[82,83].
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The studies on glycerol dry reforming (GDR) are focused on Ni-based
catalysts, with particular emphasis on the influence of types of supports
and promoters. As CO, and glycerol are adsorbed at different sites of the
bifunctional catalyst, the reaction is controlled by the glycerol adsorp-
tion step. The complex mechanism of glycerol conversion explains the
fast deactivation by coke, whose precursors are the by-products of the
reaction (CO, CHy, aldehydes, hydrocarbons). To attenuate coke deac-
tivation, limiting the acidity of the support is essential. Thus, y-Al,O3
catalyst is very active, but undergoes fast deactivation mainly due to the
deposition of whisker type of carbon on the catalyst surface [84]. The
deposition of LayO3 on the AlyO3 support prior to Ni, increases Ni
dispersion and attenuates coke formation [85]. Several attempts have
been made to optimize the Ni-based catalysts for higher activity and
stability. Among these the use of CaO [86] or SiO [87] or ternary oxides
(Al,03-Zr0O2-TiOy) [74] as supports, the addition of Re to the catalyst
[88] or Ag as promoter [87].

Precious metal (Rh, Ru, Ir, Pd and Pt) catalysts with MgO stabilized
Al,O3 as support were also tested for their activity towards GDR by
Tavanarad et al. [89]. It should be noted, that after the fast initial
deactivation due to whisker carbon, these catalysts maintain a pseu-
dosteady state.

2.1.3. Chemicals production

Acetic acid production is an example of an opportunity to valorize
low cost reactants like CO, and CH4. The production of benzoic acid
from CO5 and benzene is equally interesting. Furthermore, acrylic acid
production through the direct carboxylation of ethylene with CO5 on Ni
catalysts (Eq. (29)) is of great interest. This reaction is particularly
interesting for valorizing CO2 generated in the ethylene production units
by steam cracking of naphthas [90].

(0]
[Ni(0)]

/+CO2 e (29)

OH

Here, CO; is a raw material for the production of linear and cyclic
carbonates. Among the first ones, dimethyl carbonate (DMC)
(CH30)2CO, with low toxicity, is used as solvent, gasoline additive and
reactant in alkylation and acylation reactions. It is produced by reacting
with methanol (Eq. (30)). Several catalysts have been reported for this
reaction (based on Cu and Cu-Ni, and on CeQ») [91-96].

0
CO,+ 2CH,0H —— H,C )K CH,+H,0
\0 5 e
(30)

Cyclic carbonates (of ethylene, propylene, cyclohexane, styrene and
others) are produced by the addition of CO5 to an epoxy (Eq. (31)). They
are used as solvents, electrolytes and raw material in the production of
poly-carbonates, other polymeric materials and fine chemicals (dialkyl
carbonates, glycols, carbamates, pyrimidines, etc.). The formation re-
actions are catalyzed by alkali metal halides, metal oxides, zeolites and
organic bases [97].

0 O 0
CO, + R —» Y R
O (31

R=H
R=CH,

forethylene carbonate

forpropylene carbonate

Acetylsalicylic synthesis (CH3COOCgH4COOH) is an example of the
insertion capacity of CO, in the C-H bonds of alkenes, aromatics or
olefins. The products of greatest interest are carbonic acids, esters, lac-
tones, and heterocyclic; in other words, compounds with functional
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groups potentially applicable as solvents, plasticizers, detergents, anti-
oxidants, sun-protection agents, etc. [98].

CO», is valorized in the NH3 production industry itself for the syn-
thesis of urea (carbamide, (NH3)>CO). This consists of the carbamate
(H,N-COONHy) (Eq. (32)) formation reaction and further dehydration
towards urea (Eq. (33)). Xiang et al. [99] reach a CO5 conversion up to
82.16% at atmospheric pressure and 20 °C. According to the stoichi-
ometry, to obtain 1 t of urea 0.75 t of CO; are required. Nevertheless,
urea is principally used as fertilizer, with the role of releasing NHj
(adsorbed by plants) and CO. Therefore, this route would not diminish
CO- emissions. Urea production at room temperature has been studied
by means of electrochemical synthesis by coupling CO, and N3 in Hy0
using PdCu/TiO- electrocatalyst [100].

2NH; + CO,=H,N — COONH, (32)

H,N — COONH,=(NH,),CO + H,0 (33)

Other polymers, like aliphatic polycarbonates, are produced by the
reaction of CO, with epoxides or through transesterification of diols
with DMC. They are substitutes of polyethers for the fabrication of
polyurethane (formed by urethane bonds, —N — (C=0) — 0—) [101]. In
the same way, by the reaction of CO2 with epoxides, aromatic poly-
carbonates based on bisphenol can be synthesized. Polyoxymethylene is
another polycondensation polymer that can be produced from CO2 and
1,3,5-trioxane (in this case with formic acid as intermediate). Although
polyoxymethylene incurs a higher cost than poly- ethylene and pro-
pylene, it provides a higher mechanical resistance. Moreover, using
another intermediate (such as methanol) CO; can be applied in the large
scale production of polymethyl-methacrylate (PMMA).

2.2. COy hydrogenation routes

In different reviews the main advances conducted in these routes are
collected [102-106]. The scheme in Fig. 4 (reproduced from [106],
adapted from [107,108]) includes the main routes, which according to
the products can be classified as: routes with C1 compounds as products
(methane, carbon monoxide, methanol, formaldehyde); and those that
form compounds with 2 or more carbon atoms (hydrocarbons and ox-
ygenates). The mechanisms for these routes are significantly different,
and, consequently, have been studied under different process conditions
and with different catalysts.

As aforementioned, the hydrogenation routes in Fig. 4 require
external energy supply and the use of catalysts, due to unfavorable
thermodynamics. In Table 1 the standard enthalpy and Gibbs free en-
ergies values of different CO5 hydrogenation reactions are listed (values
taken from [46,109]). The role of the conditions (pressure, temperature,
H,/CO4 ratio) on thermodynamics is important to achieve an acceptable
extent of the reaction and adequate products distribution, but the use of
active, selective and stable catalysts is also necessary.

2.2.1. Methane production

Even if alternative routes for CO5 methanation are studied, including
photosynthesis and photocatalysis [110], electrochemical reduction
[111] and biological conversion [112], the main attention is focused on
the thermal catalytic process [113,114]. It proceeds with the following
stoichiometry:

CO, +4H,—CH,+2H,0 34

Additionally, the CO formed through the rWGS reaction (Eq. (35))
also leads to CH4 formation:

CO +3H,—CH, + H,O (35)

In addition, the side reactions of methane dry reforming (MDR), (Eq.
(19)), Boudouard (reverse of Eq. (7)), decomposition of CH4 (Eq. (25))
and gasification of the coke formed by the two previous reactions (Eq.
(7)) also take place.
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Fig. 4. Catalytic routes for CO, hydrogenation (reproduced from the work by Vu et al. [106], copyright 2021, Elsevier).

Table 1

Standard enthalpies (AH®) and Gibbs free energies (AGY) for different CO; hy-
drogenation reactions. Adapted with permission from [46], copyright 2020
American Chemical Society; and from [109], copyright 2016, Elsevier.

Reaction AHC95 x (kJ mol ™) AG%05 g (kJ mol™1)
CO, + Hy = CO + Hy0 41.2 28.6
CO, + 3H, = CH30H + H0 —49.5 3.5
CO, + SHZ:%CZHg,OHJr gHzO —867 —324
1 _ _
€O, + 3Hp=C3Hy OH + gHzo 94.6 89.9
1 _ _
€O, + 3Hp=,C4HoOH + %Hzo 98.3 43.2
COy + 4Hy = CH4 + 2H,0 —-165.0 -113.5
1 _ _
COy + gHFEczHG + 2H,0 1321 78.7
10, 1 _125. _70.
€0, + S Hy=2CaHs + 2H,0 125.0 709
13, 1 _121. _66.
€O+ Hy=7 CyHio + 2H,0 121.6 66.9
1 —64. -28.
CO; + 3Hy=7CoHy + 2H,0 64.0 287
CO, + 3H2¢%C3H6 + 2H,0 —86:6 —42.1
CO, + 3H2:%C4H8 + 2H,0 —903 —452
CO, + Hy = HCOOH 14.9 43.5
CO4(g) + Ha(g) + NH3(aq) —84.3 -95
= HCO5(aq) + NH{ (aq)
CO(aq) + Hx(aq) + NHs(aq) —59.8 -35.4
= HCO3(aq) + NH4(aq)
CO, + 2H2:% CH3COOH + H,0 —648 —216
1 —80. -32.
COy + gH2#562H5COOH+ %HZO 80.1 826
1 _ _
COy + gHz;‘ZC3H7COOH+ %HZO 88.2 38.5
CO, + 2H, = HCHO + H,0 35.8 55.9
5 1 3 _54. _12.
CO; + SHp=7 CH3CHO + H>0 546 129
COs + gHZ:%CzHE,CHO-%— gHzo ~716 —28.1
—-81.4 —34.7

11 1 7
CO2 + —Hy=—-C3H;CHO + -H>0
2+4 27507 +42

According to thermodynamics, CO, conversion and CHy selectivity
are favored at high pressure and low temperature [115,116], and the
results are good (almost complete conversion and selectivity close to
100%) with the appropriate catalyst even at atmospheric pressure if
temperature is low enough (< 350 °C). Catalysts based on noble and
non-noble metals are used [117], according to activity ordered as: Ru >
Fe > Ni > Co > Rh > Pd > Pt > Ir, and according to selectivity: Pd > Pt
> Ir > Ni > Rh > Co > Fe > Ru. The general use of Ni catalysts (due to
the good compromise between their performance and cost), instead of
Ru-based catalysts, requires working at temperatures for which catalyst
stability problems arise, especially due to the formation of coke.

The improvements of Ni catalysts are aimed at increasing surface
defects, to facilitate the generation of surface-dissociated hydrogen,
active for the removal of surface nickel carbonyls [118]. The role of the
supports, aside from increasing surface defects, is to improve the
dispersion of the metal and facilitate the storage and release of oxygen
(redox properties). For these purposes, Al;03, SiOg, ZrOs, TiO3, CeOs,
perovskite, structured metal oxides, carbon materials and zeolites have
been used as supports. Among the interesting properties of the supports,
the following are to be mentioned, providing: i) Mechanical resistance;
ii) metallic sites dispersion capacity (minimizing their aggregation); iii)
hydrophilicity (the presence of HO favors the sintering of the metallic
sites); iv) thermal conductivity (avoiding the generation of “hot spots™),
and: v) reduced presence of acidic sites capable for coke formation.
Some of these properties are improved incorporating promoters,
including ZrO,, CeO,, Lay03, Mny03, MgO and alkali metals [113,114].

CO, methanation mechanism takes place with three pathways, the
relative importance of which depends on the catalyst and reaction
conditions [116]: i) Direct CO; dissociation and hydrogenation of CO
(intermediate) to CHy; ii) through the reaction of formate (HCOO™)
(intermediate formed from the adsorption of CO2) with chemisorbed
hydrogen, and; iii) with formyl species as intermediates. These species
result from the reaction of adsorbed CO (product of CO, dissociation)
with atomic hydrogen. Miguel et al. [116] have compared the LHHW
kinetic equations of these mechanisms for a commercial Ni catalyst,
proving that the best fit to their experimental results corresponds to the
kinetic model for the pathway with formil species as intermediates,
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developed by Koschany et al. [119], assuming hydroxylic groups as the
most abundant species.

From the operational point of view, it is important to highlight the
relevance of separating the HyO from the reaction medium to favor the
extent of the reaction. This objective has led to the proposal using re-
actors with hydrophilic, steam-selective sodalite membranes [120,121]
to replace conventional packed or fluidized bed reactors.

2.2.2. Reverse Water Gas Shift (rWGS)

CO is more reactive than CO5 and a key intermediate for the pro-
duction of methane, methanol, DME and hydrocarbons from CO,, which
explains why synthesis gas is used as feedstock in commercial processes
for the production of these compounds. However, these reactions are
carried out under unfavorable conditions for CO production. The con-
version of CO5 by the rWGS (Eq. (5)) is an endothermic reaction, and
temperatures above 700 °C are required in order to obtain considerable
CO;, conversion. Under these conditions, CO5 and CO methanation (Egs.
(34) and (35), respectively) and Boudouard (Eq. (7)) side reactions also
take place.

The reaction mechanisms for the riWGS reaction is a topic of intensive
debate [122], being redox and dissociative mechanisms the most widely
accepted. In the redox mechanism, Hy does not participate as reactant,
but reduces the surface of the catalyst. Metallic crystals are the active
sites for CO, dissociation, and the oxidized metallic sites are reduced
releasing H,O and being therefore the metallic sites regenerated. Thus,
the redox stages for Cu catalysts are:

COy) + 2CM?S>—>CO<E) +Cuy 0y (36)

Hyg) + Cuy Oy~ Hy O ) + Cu%) (37)

In the dissociative mechanism Hj reacts with CO,, leading to the
subsequent formation of formate species (HCO2-M), which will release
CO right away. These formate species are formed by the attack of OH™
groups on M-CO species and MO,H species, formed through in-
termediates COy-metal protonation. According to this mechanism, the
significant effect of the presence of surface hydroxyl groups to facilitate
CO4 adsorption and hydrogenation has been verified [123].

The activity of the catalysts for rWGS is associated with the presence
of oxygen vacancies and the capability for adsorbing CO; and generating
formate active species. These are formed in the vicinity of the H supply
(metal-support interface) [124]. However, the selection of the catalyst is
conditioned by stability and selectivity requirements, due to the high
reaction temperature. A key property for CO selectivity is to achieve a
weak binding energy of CO. Cu catalysts (with low CO adsorption en-
ergy) are commercially used for the WGS reaction with CuO-ZnO/Al,03
(CZA) configuration, but undergo notable sintering in the rWGS reac-
tion. The stability of the Cu sites improves using different supports
(B-MooC, InpOs3 [125,126]); with Cu-Al spinel [122]; or generating
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particular configurations as Cu/CeO- hollow spheres [127] or an inverse
metal-oxide/metal structure of CeOy/CuOy [128].

Promising CO selectivity has also been achieved with other non-
noble metal catalysts using carbide structures prepared with Ti, V or
W [129,130] and with bimetallic catalysts (Ni-Fe, Ni-Co) [131].
Although noble metals have high CO adsorption energy, high CO
selectivity is achieved with strategies such as the preparation of bime-
tallic catalysts (Pd-Ni) [132] and the atomic dispersion of Rh or Ru
nanoparticles on the support [133].

2.2.3. Synthesis of methanol

Olah [134] reflected the relevance of the “methanol economy” as a
complement to the established “oil economy”. Fulfilling his forecasts,
the production of methanol is a key reaction in the development of the
GTL (Gas to Liquid) concept, with synthesis gas (produced from biomass,
carbon or natural gas) as feedstock (Fig. 5). Methanol is an energy vector
according to its utilization as fuel, whether pure or mixed with gasoline
and the production of Hy by reforming. Additionally, it is an important
raw material for the production of other fuels, solvents and base-
chemical products, such as light olefins (MTO process), BTX aro-
matics, formaldehyde, acetic acid, methyl methacrylate, dimethyl tere-
phthalate, methylamines, chloromethane, dimethyl carbonate, methyl
tertbutyl ether (MTBE) and others.

Albeit methanol production is carried out from synthesis gas (with a
small concentration of CO») (Eq. (38)), its potential capacity for valo-
rizing COy on a large scale led Goeppert et al. [136] to highlight the
strategic interest of the reaction for this objective. The plant in Rey-
kjavik (Iceland), with an annual capacity of 4000 metric tons and
valorization of 5600 tons of COs, is the main industrial reference for
renewable methanol synthesis from CO5 and Hj using geothermal en-
ergy [137].

CO +2H,=CH;0H (38)

The exothermic synthesis of methanol from CO5 (Eq. (39)) requires 3
H; molecules per CO; molecule. Thermodynamically, low temperature
and high pressure are required to facilitate the extent of the reaction.
However, given the low reactivity of CO,, temperature above 240 °C is
necessary to achieve an acceptable reaction rate. Thus, under the reac-
tion conditions, the side reactions of riWGS (Eq. (5)) and synthesis from
CO (Eq. (38)) take place. The rWGS generates a high content of H»0,
which limits the equilibrium conversion of CO,, attenuates the activity
of the catalysts and favors deactivation.

CO, +3H,=CH;0H + H,0 (39)

To overcome the limitations of the reaction, the action routes are
focused on developing new, active, selective and stable catalysts
[138-141], reactors and operating strategies [142]. The knowledge of
the mechanism for the conversion of CO, into methanol is necessary to

®

Recycle of unreacted Gas (CO, CO,, H,, C) Vent Gas
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@ Products

Fig. 5. Steps in methanol production (adapted from the work by Zhang et al. [135], copyright 2017, Elsevier).
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progress in the improvement of catalysts, and so, has received great
attention due to its relevance in the synthesis of methanol from syngas,
where CO,, of greater apparent reactivity than CO at low conversion
conditions [143] is co-fed in a concentration within the 2-8% range. In
Fig. 6, the three routes proposed for CO, conversion are outlined [142],
that is, with formate and hydrocarboxyl species as intermediates or
through the rWGS reaction.

Cu/Zn0O/Al,03 is the most commonly used catalyst for the synthesis
of methanol from CO,, given its commercial use for the same purpose
from synthesis gas feedstock, based on the proposal of Imperial Chem-
ical Industries in 1960. In this catalyst, Al;O3 acts as structural promoter
favoring the distribution of Cu and providing surface area and me-
chanical resistance to the catalyst. ZnO also acts as a structural pro-
moter, separating the Cu crystals, and modulates the electronic
properties owing to the metal/support interactions between Cu and
ZnO. The presence of ZnO reduces the sintering of Cu [139]. The use of
ZrOy in Cu/ZrO4 or Cu/Zn0O/ZrO catalysts leads to good results, due to
the lower hydrophilicity of ZrO, with respect to Al,O3. Furthermore, the
presence of Lewis acidic sites, non-active for the conversion of methanol
into hydrocarbons, contributes to attenuate the formation of coke [144].
The incorporation of metallic oxides (SiO2, MgO, Gag03, LayOs, TiOo,
Y203) and noble metals (Pd, Au) as promoters favors Cu dispersion and
modifies acid-base and redox properties of the catalyst, improving the
selectivity and stability of the catalyst [138]. As an alternative to Cu
catalysts, more stable Pd and PdZn alloys on different supports have
been proposed, including metal oxides (ZnO, CeO,, In,O3) mesoporous
silica (SBA-15, MCM-41) and carbon materials [140].

Alternatively to the direct synthesis of methanol from CO,, a two-
step process (rWGS-syngas hydrogenation) has been adopted. The ad-
vantages over the direct methanol synthesis process rely on the ease for
removing the H2O generated in the rtWGS. With this approach, its entry
to the hydrogenation reactor is avoided and the temperature in each
reactor can be optimized. With this technology the Korea Institute of
Science and Technology installed the CAMERE (carbon dioxide hydro-
genation to methanol via reverse water gas shift) process on a pilot plant
scale, with a capacity of 100 kg of methanol per day [142].

2.2.4. Synthesis of ethanol

The mechanism for ethanol synthesis from COy (Eq. (40)) is more
complex than that for methanol, because comprises more elementary
reactions involving C-C coupling and accurate stages of carbon chain
growth and termination. The most accepted mechanism is the so-called
COgq-Fischer Tropsch (CO2-FTS). CO generated through the rWGS reac-
tion inserts into *CHj3 or *CHgs-(CHy), species produced by CO-FTS to

r - Formate mechanism
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form ethanol or superiors alcohols (C3,OH) [108].
2C0O, + 6H,—»C,HsOH + 3H,0 (40)

The selection of the composition of the selective multifunctional
catalyst is also complex. So far, good results have been obtained with Rh-
based catalysts with SiO, and TiOs as supports and Fe, Li and Se as
promoters [145]. Other catalysts also selective towards ethanol pro-
duction are prepared with Pt, Au, Mo, Co, and Cu as metallic function
[140].

2.2.5. Synthesis of hydrocarbons

The direct production of hydrocarbons from CO; is a paradigm of
catalytic processes integration, with the attraction of lowering equip-
ment cost. However, this route implies important challenges to select the
catalyst and establish the appropriate reaction conditions for a good
compliance between the thermodynamic requirements and the mecha-
nism of the involved reaction stages [105]. The reaction is carried out in
tandem catalysts in the same reactor, through two alternative routes
[104,146]: i) Modified Fischer-Tropsch synthesis (MFTS), incorporating
a zeolite together with the FTS catalyst. In this manner, hydrocarbons
are formed according to the Anderson-Schulz-Flory mechanism [43] and
selectively converted on the zeolite, and; ii) with methanol/DME as
intermediates (Eq. (41)), using OX/ZEO (metal oxide/zeolite) catalysts,
suitable for the reactions of methanol/DME synthesis and the in situ
conversion of these oxygenates into hydrocarbons [44].

CO + CO, + Hy;=CH;0H /| DME + H,O=>Light olefins=>Light paraffins
(41)

The development of the MFTS route has been carried out mainly
using Fe-based catalysts. CO, hydrogenation proceeds through a
mechanism with two stages. The formation of CO by the rWGS reaction
followed by the chain growth in FT reactions. The selection of the zeolite
allows the selective formation of light olefins, aromatics or isoparaffinic
gasoline (Fig. 7) [147,148]. The addition of other metals (Co, Cu or Ni)
to Fe, modifies the adsorption of Hy and CO, improving conversion and
selectivity. Thus, with Fe-Cu the selectivity of C,-C; hydrocarbons is four
times that obtained with Fe, decreasing the formation of CH4 [149]. In
this case, as Fe support y-Al;,03 (followed by SiO, and TiO3) shows a
better behavior than other supports to avoid sintering, thanks to the
good dispersion of Fe obtained, based on the strong metal-support
interaction [150].

In the route with methanol/DME as intermediates, the limitations of
the Anderson-Schulz-Flory mechanism are avoided, and as a result,
achieving higher selectivities of a family of hydrocarbons is feasible.

— HCOOH* H,COOH*
species Formic Acid
HCOO* Dioxymethylene Methoxy species
A H,CO0* H,CO* H,CO*
_;’/ Formate mechanism
% 1
Co, CO* HCO* CH;OH
RWGS + CO-Hydro mechanism
COOH*
Hydrocarboxyl
species COHOH* COH* HCOH* H,COH*

Trans-COOH mechanism

Fig. 6. Proposed mechanisms for methanol synthesis from CO, hydrogenation. (Reproduced from the work by Zhong et al. [142] with permission from the Royal

Society of Chemistry).
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Fig. 7. Stages of hydrocarbons synthesis through the MFTS route. Reproduced from the work by Wei et al. [148].

Carrying out the second reaction (oxygenates conversion) in the same
reactor displaces the thermodynamic equilibrium of methanol/DME
synthesis, favoring the further conversion of CO5 and CO. Consequently,
the reaction can be performed at lower pressure and lower Hy/CO ratio
than for methanol/DME synthesis, easing the supply of Hy from com-
mercial PEM electrolyzers, which supply hydrogen at 15-30 bar [151].
The reaction conditions must be intermediate to those suitable for the
two reaction steps. Thus, the conversion of methanol/DME into hydro-
carbons occurs through the dual cycle mechanism (Fig. 8) [152],
requiring temperature above 325 °C for a significant extent [153].
However, this temperature is excessive for the synthesis of methanol/
DME, which occurs through a mechanism with formate ions as in-
termediates [154].

The presence of oxygen vacancies in the metallic function is a key
feature for the adsorption of CO5 [139]. In addition, this function must
have a limited capacity for over-hydrogenating the double C==—C
bonds, as to avoid the formation of methane [155]. Besides, the distri-
bution of hydrocarbons depends on the acidic strength and pore size of
the zeolite [156]. According to these conditions, Iny;O3-ZrO,/SAPO-34
tandem catalyst shows good prospects for the selective production of
light olefins from CO4 [157], given the capacity of the superficial oxygen
vacancies of the Iny03-ZrO; system for COy adsorption and the high
light-olefin selectivity achieved in the conversion of methanol/DME
over SAPO-34 (CHA topology). Similarly, the use of HZSM-5 zeolites
(MFI topology) together with the ZnO/ZrO, system allows obtaining
high aromatics selectivity [152].

/N

Olefins Higher
Cycle  alkenes

CO, + H, — CH;O0H

HzO

Alkanes

J .

7

Wang et al. [158,159] obtained high gasoline yield with a Fe/Zn/
Zr@HZSM-5 core-shell catalyst, with isoalkanes as main components
and with low aromatics concentration. However, as a drawback, CO
selectivity of 40% resulted from the RWGS reaction. This reaction was
later suppressed by treating the Fe/Zn/Zr catalyst with tetrapropy-
lammonium bromide (TPAR) [160]. These authors also determine that
the treatment affects the hydrocarbon formation mechanism, which
proceeds through the two routes (FT and oxygenates as intermediates)
with the Fe/Zn/Zr catalyst and mainly with oxygenates as intermediates
with Fe/Zn/Zr-Treated catalyst, due to the enhanced adsorption
strength of the HCOO* species and desorption rate of CH30* species.
The Fe/Zn/Zr-Treated @HZSM-5 core-shell catalyst is stable for 120 h on
stream, with 76% hydrocarbons selectivity and Cs isoalkane content of
93% in the gasoline, with a CO selectivity of 24% and a CO, conversion
of 18%.

3. Interest of dimethyl ether and thermodynamics of the
conventional and direct synthesis

The interest in the production of DME is based on its usefulness as
fuel and intermediate raw material for the production of hydrocarbon
fuels and chemicals, and on the capacity of the process for valorizing
synthesis gas derived from renewable sources (biomass) and CO,. The
cost and energy- and exergy- efficiencies of DME production from syngas
depend on the syngas source and the reactants used in gasification or
reforming. These factors determine the Hy/CO ratio of the resulting

CH;0H

HzO
CH;OH
H,0
Aromatics

0 A

CH;0H
\
\_' “Coke”
Alkanes

Fig. 8. The role of the dual cycle mechanism in the route with methanol/DME as intermediates. Reproduced from the work by Zhang et al. [152], copyright

2019, Elsevier.
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syngas. The interest of valorizing low rank coal to DME via gasification
has received continued attention [161] and this attention has extended
to the valorization of natural gas and biomass [162]. The urgency for
mitigating the effects of climate change by reducing CO, emission rates
has reoriented DME production technologies to make CO, co-feeding
together with syngas or CO2 hydrogenation feasible. The joint valori-
zation of CO and CO5 as carbon sources is an initiative applicable to
different industrial emissions and to bio-gas (product of the anaerobic
fermentation of biomass composed of CH4 (50-70%) and CO; (30-50%)
[163]). In this line, recycling in the synthesis of DME the CO; used as
biomass gasifying agent reduces up to 20% the environmental impact of
the process [164].

Dieterich et al. [165] gather the pathways for transforming renew-
able energy into sustainable energy vectors (DME, methanol and hy-
drocarbons) in the diagram in Fig. 9.

3.1. Properties and applications of DME

DME (CH3-O-CH3) is an environmentally benign, non-toxic, non-
teratogenic, and non-carcinogenic species, with a slight ethereal odour,
which has multiple applications due to its properties (Table 2)
[166-168]. Among others, it is used as aerosol, propellant (substituting
chlorofluorocarbons), pesticide and ecological refrigerant [169]. It is of
great interest also as organic solvent, due to the low dielectric constant
of liquid DME (5.34 at 30.5 °C and 6.3 MPa), medium polarity, partial
miscibility with water, no reactivity, chemical inertness, and affinity for
oily compounds (given its capacity for developing one-way hydrogen
bonds with hydrogen bonding solutes). These properties along with the
easy removal by pressure reduction make it suitable for the extraction of
products in food and pharmaceutical industry (lipids, essential oil, fla-
vonoids), of contaminants (as phenols) from mixtures with water
[170,171] and in solvent injection processes for heavy oil recovery
[172].

The large-scale implementation of DME production is based on its
properties as fuel, either for domestic use, in the automotive industry or
for electrical energy generation. According to Semelsberger et al. [166]
a transition from petroleum to DME to hydrocarbons is more cost-
effective than a direct change to hydrogen, considered as the “end-
game” fuel, since the existing LPG and NG transport and storage infra-
structure can be used. The main advantages as fuel are: [173]: i) High
oxygen content, lack of C-C bonds, N, and S compounds, reasons for the
soot-, SOx- and NOy-free combustion; ii) low boiling point (—24.9 °C)
and consequently, small energy requirement for vaporization, which
facilitates its use as fuel gas, alone or blended with liquefied petroleum
gases (LPG: propane and butane) given its similar vapor pressure and the
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same storage and transport characteristics [174]. In addition to do-
mestic use, gas DME is used as fuel in homogeneous charge compression
ignition (HCCI) engines, in mixtures with natural gas and hydrogen
[175]. iii) High cetane number (> 55) that results in very low auto-
ignition temperature. In spite of its low heating value (LHV) of 27.6
MJ/kg, inferior to that of diesel fuel (42.5 MJ/kg), the high cetane
number and the short delay-time in the injection, make DME suitable for
compression ignition (CI) engines. Using the existing technology, the
well-to-wheel efficiency is DME > LPG > Gasoline > CNG (compressed
natural gas) and the associated greenhouse gas emissions are signifi-
cantly lower (DME < CNG < LPG < Gasoline) [167]. Tomatis et al. [164]
estimate that replacing diesel by pure DME results in a decrease in
greenhouse gases (GHG) of 72%, while limiting the emission of partic-
ulates (diesel soot). This emissions decrease has an impact on human
health and ecosystem of 55% and 68%, respectively. However, due its
high vapor pressure, very low boiling point, high compressibility, low
density, low viscosity and the capacity of dissolving some elastomers
and plastics, different modifications in diesel engines and in the selec-
tion of the materials are required for using DME. The main modifications
consist of incorporating a pressurized DME tank, and a high-pressure
fuel pump.

The evolution towards a DME economy is based not only on its use as
fuel, but also on its future as intermediate sustainable raw material.
Thus, DTO (dimethyl ether-to-olefins) process may replace or comple-
ment MTO (methanol-to-olefins) process, developed by UOP/Mobil and
successively improved [32]; and MTP, developed by Lurgi (to selectively
obtain propylene) [176]. The implementation of both processes is
growing as to satisfy the burgeoning demand of light olefins, which is
currently covered through naphtha steam cracking [177] and fluid
catalytic cracking (FCC) [178] processes with high energy requirements
and high CO, emissions. The DTO process offers advantages over MTO:
i) DME is more reactive than methanol, which allows carrying out the
reaction at lower temperature [179]; ii) the lower reaction heat favors
temperature control. The DTO process has been mainly studied using
SAPO-34 [180,181] and HZSM-5 zeolites [182] as catalysts. For the
selective production of olefins, the use of HZSM-5 zeolites of moderate
acidity (SiO2/Aly03 ratio around 180) is suitable. Indeed, the rate of
coke deposition is also reduced. Whereas higher acidity (SiO2/Al,03 of
30) boosts (Cs-Cy1) gasoline yield [35]. Using pseudo-boehmite as a
binder, HZSM-5 zeolite is embedded in a mesoporous matrix of y-Al;Os3,
providing mechanical resistance to the catalyst particles and attenuating
the blockage of the micropores of the zeolite by coke [183,184].

DME conversion into hydrocarbons proceeds, like methanol con-
version, through the dual cycle mechanism [37], with poly-
alkylbenzenes as intermediates for the formation of light olefins as
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Fig. 9. Pathways for converting renewable electricity into energy vectors. Reproduced from the work by Dieterich et al. [165] with permission from the Royal
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Table 2
Properties of DME vs other common fuels. Adapted from the works by Semelsberger et al.; and Arcoumanis et al. [166,1671, copyright 2006, 2008, Elsevier.
Methane Methanol DME Ethanol Gasoline Diesel
Formula CH4 CH30H CH30CH3 CH3CH,0H C7Hy6 Cy4Hzg
Molecular weight (g mol™!) 16.04 32.04 46.07 46.07 100.2 198.4
Density (g cm™3) 0.00072" 0.792 0.661" 0.785 0.737 0.856
Normal boiling point (°C) —-162 64 —24.9 78 38-204 125-400
LHV (kJ cm™%) 0.0346" 15.82 18.92 21.09 32.05 35.66
LHV (kJ g’l) 47.79 19.99 28.62 26.87 43.47 41.66
Exergy (MJ L h 0.037 17.8 20.63 23.1 32.84 33.32
Exergy (MJ/kg) 51.76 22.36 30.75 29.4 47.46 46.94
Carbon Content (wt%) 75 37.5 52.2 52.2 84 84.8
Hydrogen Content (wt%) 25 12.5 13.0 13.0 16 15.2
Oxygen Content (wt%) - 50 34.8 34.8 - -
C/H ratio 0.25 0.25 0.33 0.33 0.44 0.47
Critical Temp. (°C) —82.45 239.6 127 243.25 435
Critical Pressure (MPa) 4.60 8.10 5.37 6.39 3.00
Critical density (kg m®) 562.2 275.5 259 280 -
Sulfur content (ppm) ~7-25 0 0 0 ~200 ~250
Cetane number 0 3-5.0¢ >55 5-8¢ 4-20 40-50
Auto-ignition temperature (°C) 580 464 235 363 246-280 250
Stoichiometric air/fuel mass ratio 17.19 6.47 9 9.08 14.7 14.6

2 Values per em® of vapor at standard temperature and pressure.
b Density at1 atm and — 25 °C.

¢ Data reproduced from: [187].

4 pata reproduced from: [188,189].

primary products. The mechanism occurs along with different side re-
actions (isomerization, cyclization and hydrogen transfer) forming
together with olefins: light paraffins, BTX aromatics, CZ aliphatics and
coke. On the basis of this mechanism, kinetic models for HZSM-5 based
catalysts have been established, which allow quantifying the evolution
of products distribution with time on stream [185]. With these models,
evaluating the effect of various operating strategies on the deactivation
and on products distribution is possible, such as the effect of co-feeding
H50 or feedstock dilution. Indeed, the models have been used in the
design of alternative reactors (packed bed, captive fluidized and fluid-
ized with catalyst circulation) and of a reactor-regenerator system with
circulation of the catalyst between both units, based on the technology
implemented for the MTO process [186].

Another application for DME with development potential is as Hy
vector, because its characteristics (high hydrogen content, absence of C-
C bonds and low toxicity) facilitates the reforming at low temperature
(< 300 °C) and results in high Hy yield. This can be applied for proton
exchange membrane fuel cells (PEMFC) [190] and solid oxide fuel cells
(SOFQC) [191], as well as to cover, on a large-scale, the growing demand
of Hy in the petrochemical industry. Catizzone et al. [39] propose DME
as a good candidate for energy storage through the cycle comprising the
synthesis of DME from CO; (exothermic) and the reforming of DME to
Hy (endothermic). In this way, the energy demand of the reforming is
covered by the energy generated intermittently from renewable sources.

Steam reforming takes place on bifunctional catalysts, through DME
hydrolysis in the acidic function (Eq. (42)) followed by methanol
reforming in the metallic function (reverse of Eq. (39)). Additionally, the
secondary reactions (rWGS (Eq. (5)), DME partial decomposition,
methanation (Egs. (34) and (35)), Boudouard (reverse of Eq. (7)) and
hydrocarbons formation) contribute to products distribution,

CH;0OCH; + H,0=2CH;0H (42)

The most used catalysts in a lab-scale have been prepared with CuO-
Zn0-Al;03 (CZA) metallic function, based on the commercial catalyst
for methanol synthesis and methane reforming. The main innovations
have mainly consisted of the utilization of CuM204 spinels (M = Fe, Mn,
Cr, Ga, Al, etc). Among these, CuFe;O4 spinel has received a great
attention due to its thermal stability [192,193], which recovers its ac-
tivity in reaction-regeneration cycles [194,195]. y-Al,O3 has been the
most used acid function for DME hydroxylation [196,197], but has been
progressively substituted by HZSM-5 (more active). HZSM-5 needs to be
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adequately treated (as desilicated by alkaline treatment) in order to
avoid the formation of hydrocarbons and the consequent formation of
coke [198,199]. Oar-Arteta et al. [194,200] have improved the prop-
erties of y-Al,O3, obtaining it by calcination of pseudo-boehmite. This
treatment provides the catalyst with high mechanical resistance (a
deficiency of the CuFeyO4 spinel) and also with moderate acidity,
limiting the formation of hydrocarbons. Therefore, it allows for stably
operating in reaction-regeneration cycles at 350 °C achieving a yield of
82%. Filling the gap in the kinetic modeling for oxygenates reforming,
Oar-Arteta et al. [195] have proposed a kinetic model based on LHHW
expressions for each step, establishing as optimal reforming conditions:
360-380 °C and a steam/DME ratio of around 6. The use of micro-
reactors with ceramic channels eases Hy generation for portable fuel cell
applications [201].

Zhan et al. [202] have conducted a review of the studies of ethanol
production from DME through carbonylation. This reaction is a key
stage in the valorization of synthesis gas. The reaction, as the formation
of methyl acetate (MA), takes place through the Koch-type CO insertion
into DME, with zeolites (typically HMOR and HZSM-5) as catalysts. The
MA is later converted into ethanol on Cu-based catalysts.

3.2. Conventional synthesis

DME production (10 Million tons per year) is carried out in a two step
process, in separate units (indirect synthesis) using syngas feedstocks
[203]. Methanol is synthesized in the first unit (under reaction condi-
tions described in Section 2.3.3) and dehydrated towards DME in the
second unit (MTD process). Methanol dehydration is a reversible
exothermic reaction on acid catalysts, whose thermodynamics is not
favored increasing pressure, but rather decreasing temperature. The
process has been reoriented towards valorizing CO». In Fig. 10 the routes
for CO5 upgrading to DME are plotted [165]. Michailos et al. [204] es-
timate within the 1.83-2.32 € kg™ ! range the cost of DME production
from captured CO5. Schemme et al. [205] determine that the production
of DME (equaling its technical maturity to that of methanol synthesis) is
a cheaper route for valorizing COy than the production of alcohols
(methanol, ethanol, butanol, octanol), polyoxy dimethyl ether, and hy-
drocarbons (synthetic gasoline, paraffinic diesel, and paraffinic kero-
sene), emphasizing the relevance of Hy production costs (58-83% of the
total manufacturing costs). Uddin et al. [206] make a techno-economic
analysis of the two stage DME synthesis via the birreforming of landfill
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Fig. 10. Routes for DME production from CO,. Reproduced from the work by Dieterich et al. [165] with permission from the Royal Society of Chemistry.

gas (with steam and CO, from an ammonia plant). These authors esti-
mate a price of 0.87-0.91 $ gal™!, competitive with the price of diesel
fuel. Furthermore, using landfill gas sourced CO., the process achieved
negative emissions.

The industrial process has different licenses and an extensive
implementation in asiatic countries since the beginning of the 21st
century with carbon as raw material [174]. It is performed under
moderate pressure (below 20 bar) and within 150-300 °C temperature
range. y-Al,O3, of low manufacturing cost, is generally used as catalyst
[207-209]. The weakly acidic nature of the Lewis sites of y-AlyOs is
appropriate to achieve a high DME selectivity, inhibiting the formation
of hydrocarbons as by-products. Nonetheless, its activity is moderate
and temperatures above 250 °C are required, besides the activity may be
improved by modifying y-AloO3 with P, Ti, Nb, B, etc. [210]. In addition,
due to its hydrophilic character, it has a great capacity for adsorbing
H»0 (product of dehydration), reducing thereby its activity and causing
dealumination, particularly when aqueous methanol is fed [211]. Cat-
alysts with higher acidity than y-Al;03 have also been studied, which
allows the reaction to take place at lower temperature, avoiding the
formation of hydrocarbons. For this purpose, the optimal performance of
heteropolyacids (HPAs) (more active than HZSM-5 catalyst) has been
proven, and enhanced by incorporating W and P [212] and supporting
HPAs on TiO5 [213].

The greatest research effort in the design of catalysts for methanol
dehydration has focused on zeolites, whose performance (activity, DME
selectivity and stability) is influenced by the configuration of the
channels of their crystalline structures and the quantity and strength of
the acidic sites [214]. HZSM-5 zeolite (MFI topology), which is less
hydrophilic than y-Al;03 has received a special attention. In particular,
for the valorization of CO; together with syngas, in order to avoid the
separation of the high content of H,O in the aqueous methanol produced
in the first stage. This zeolite contains pores with moderate severity of
shape selectivity and the acidity is dependent on the SiO5/Al»0j3 ratio,
with sites of moderate acidic strength mainly. Besides, the behavior of
hybrid catalysts composed of HZSM-5 zeolite impregnated with y-Al,O3
is also of interest, being it more active and selective than each separate
catalyst, due to the dilution of the strong sites of the zeolite [215,216].
The desilication of HZSM-5 by means of an aqueous solution of NaOH is
effective to attenuate the deactivation by coke, because the treatment
decreases the acidic strength of the sites. In addition, the coke is
deposited in the generated mesopores, reducing the blockage of the
micropores of the zeolite [217].

Catizzone et al. [218] have proposed ferrierite (FE) as ideal catalyst,
since its crystalline structure with two dimension channels make it
highly selective and, additionally, coke deposition is reduced. This
zeolite, prepared with a high Al content, allows achieving DME selec-
tivity close to 100% at 200 °C and high methanol conversion (up to
82%), in contrast to y-Al,O3 (conversion of 25%). Moreover, methanol
conversion and DME selectivity of FE can be improved by increasing the
density of Lewis sites and reducing the crystal size [219]. Comparing the
features of FMI and FE zeolites, Catizzone et al. [220] achieve similar
DME selectivity with nano-sized MFI and FER, whereas for the former
higher reaction rate and lower coke deposition are reported.
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Methanol dehydration to DME (reverse of Eq. (42)) proceeds through
two competitive reaction pathways: Associative (or direct) and disso-
ciative (or sequential) (Fig. 11). In the first, two methanol molecules are
adsorbed on an acidic site and react to form DME and H5O. The reaction
can occur by splitting of protonated methanol dimer into the methyl
carboxonium ion and carbenium ion at the same time, or into two
methyl carboxonium ions, which are further combined to form DME
molecule [221]. In the second, one adsorbed methanol molecule reacts
to form Hy0 and a CHj species bound to the deprotonated zeolite, and
then, a second methanol molecule adsorbs to react with the CHs group to
form DME. Park et al. [222] highlight the discrepancies in the literature
on the predominant mechanism, which depends on the catalyst and the
operating conditions. These authors, using computational chemistry and
microkinetic modeling, determine that the dissociative pathway is the
dominant for the reaction with an H-zeolite, being DME formation re-
action the rate-controlling step. However, these theoretical results differ
from those obtained by Trypolskyi et al. [223]. Adjusting the experi-
mental results of methanol dehydration on a HZSM-5 zeolite these au-
thors propose methanol adsorption as the rate-limiting stage; being
equally valid the kinetic expressions of LHHW deduced for the asso-
ciative and dissociative pathways to adjust the experimental results.

3.3. Thermodynamics of the direct synthesis

The reactions involved in the process are:
Methanol synthesis (Egs. (38) and (39)); Reverse Water Gas Shift
(rWGS) (Eq. (5)); Methanol dehydration towards DME (Eq. (43)):

AH® = —23.4 kJ mol™!

2CH;0H=CH;0OCH; + H,0 AG® — —16.8 K mol”! (43)
and paraffins formation secondary reaction (mainly methane):
nCO+ (2n+1)H,=C,Hyyr + nH,0 (n=1-13) 44)

The interest in the direct route for DME synthesis is based on
different factors: i) Thermodynamic advantages. Conducting methanol
dehydration (Eq. (43)) in situ in the same reactor displaces the equilib-
rium of methanol formation reactions (Egs. (38) and (39)). ii) lower cost
of production in comparison to the synthesis of DME in two steps and to
the synthesis of methanol [224]. Thus, the energy efficiency is around
64-68% for a 2500 equivalent t/day, higher than methanol synthesis,
with an energy requirement 5% lower and a lower capital cost (8%
lower) [225,226]; iii) possibility of using synthesis gas generated from
various hydrocarbonated raw materials as carbon, natural gas, biomass
or residues of the consumer society (Fig. 12), and from a steel-making
plant (mixture of coke oven gas and tail gas) [227]; iv) boost of gasifi-
cation and anaerobic digestion of biomass [228] in order to contribute to
neutral carbon balance. A comparative exergo-economic analysis of the
indirect and direct routes for DME synthesis, based on air-steam biomass
gasification with CO,, has evidenced the lower cost of DME production
through the direct route (1.66 $ kg™, whilst 2.26 $ Kg~* for the indirect
route), and also, the lower energy consumption and net CO, emission
[229]. In addition, given the higher price of the product, the
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Fig. 11. Reaction pathways for methanol dehydration to DME. Reproduced from the work by Park et al. [222], copyright 2021, Elsevier.
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Fig. 12. DME production from fossil sources, biomass and waste.

gasification-DME process from biomass was approximately 7% more been studied as feestock, whereas little attention has been given to CO,
economically feasible than the gasification-MeOH process [230]; v) conversion capacity, whose role has been restricted to secondary prod-
opportunity to maximize the natural gas operating profit, integrating its uct of the reaction. The interest in CO, conversion processes on a large-
valorization with DME synthesis. scale requires new studies regarding the thermodynamics and kinetics,
Taking into account these advantages, Olah et al. [231] considered aimed at establishing the appropriate conditions and the reactor design.
the one step synthesis of DME (Fig. 13) a key route for the catalytic Chen et al. [238] have compared the DME synthesis thermodynamics in
valorization of CO;3 on a large-scale. Furthermore, these authors have two steps and in a single step, co-feeding CO with synthesis gas. The
placed great emphasis on the sustainability of the process when COy is results support that with both strategies CO5 co-feeding decreases DME
co-fed with synthesis gas produced from lignocellulosic biomass. yield, and also that the direct synthesis of DME has lower thermody-
In the literature regarding methanol synthesis thermodynamics namic limitations and allows achieving higher CO5 conversion.
[232-234] and one step DME synthesis [235-237], synthesis gas has Ateka et al. [153] have compared in depth the thermodynamics of
Energy ;
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Fig. 13. Methanol and DME production valorizing CO,. Adapted with permission from the work by Olah et al. [231]. Copyright 2021, American Chemical Society.
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both methanol synthesis (MS) and the direct synthesis of DME (DS),
from the perspective of the capacity of these processes for valorizing
COs. The effect of the reaction conditions (temperature, pressure and
feed composition) in regard to CO2 conversion, oxygenates yield and
selectivity (MeOH and DME) and heat generated in each process were
determined. Being CO and CO, hydrogenation exothermic reactions
with reduction of mole number, oxygenates production is favored with
increasing reaction pressure, while penalized upon increasing temper-
ature. The study ascertained that valorizing CO;, is feasible in MS and DS
processes for CO, rich feedstocks (CO2/COx > 50%) at 250-300 °C
(suitable range to obtain good catalytic performance [239] and avoid
sintering [240]) (Fig. 14). Nonetheless, higher CO, conversion values
can be achieved in DS than in MS (for CO2/COx > 75%), greater upon
further increasing CO, concentration in the feedstock (Fig. 15).

The study of Ateka et al. [153] highlighted the relevance of the CO,
content in the feedstock, and that the DS is more thermodynamically
favorable than MS for oxygenates production under suitable operating
conditions. For its interest for simplifying reactor design, the possibility
for operating at thermo-neutral conditions was tested, combining the
aforementioned exothermic nature of CO and CO» hydrogenation re-
actions and the endothermic nature of the involved rWGS reaction (of
special relevance for CO, containing feedstocks). Clearly, CO2 co-
feeding positively contributes to reduce the heat released in the reac-
tion and helps avoiding hot spot formation (Fig. 15). Heat production
diminishes from 80 to 45 kJ mol ! for MS and from 90 to 60 kJ mol ! for
DS for CO2/COx = 0.5 feedstocks. Anyhow, the study reveals the
impossibility of working with Cu based traditional catalysts at thermo
neutral conditions, since temperatures above 340 °C are required for this
purpose in any case and Cu catalysts undergo sintering at temperatures
above ~300 °C.

Furthermore, it should be noted that the effect of the reaction con-
ditions on DME yield is opposite to the effect on CO5 conversion and so,
that optimizing of each of these objectives requires different reaction
conditions. Thus, CO5/COx ratios below 0.25 are suitable for enhancing
DME production, whereas ratios above 0.5 improve the conversion of
CO,. Consequently, to combine the economic objective associated with
the production of DME and the economic/environmental target of
reducing CO, emission rates, intermediate conditions are necessary.

4. Advances in the catalyst design for the direct synthesis of
DME

For this process, bifunctional catalysts comprising metallic catalysts
for methanol synthesis (as introduced in Section 2.2.3) and acidic
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Fig. 14. Evolution of CO, conversion with temperature in the methanol syn-
thesis (MS) and the direct DME synthesis (DS) processes for feedstocks of
different CO, concentration. Adapted from the work by Ateka et al. [153],
copyright 2017, Elsevier.

15

Fuel Processing Technology 233 (2022) 107310

Temperature (°C)

0 0.1 0.2 0.3 0.4
CO,/COx ratio in the feed

400
380

360
3400
320
300

280
260;
240+ i

)

Temperature (°C)

55

65, b0
0,
R
220 ’0\ EON \"‘\\ 60 1
200 \ w w

. s
0 0.1 0.2 0.3 0.4
CO,/COx ratio in the feed

0.5

Fig. 15. Temperature vs fed CO, concentration (CO,/COx ratio) diagram for
heat generated (in kJ mol 1) in methanol synthesis (a) and direct DME syn-
thesis (b). Reproduced from [153], copyright 2017, Elsevier.

catalysts for methanol dehydration into DME are required. In addition,
by feeding CO; various differences from the syngas-to-DME process
arouse. One the one hand, as introduced in Section 3.3, according to
thermodynamics, lower DME yield is obtained. On the other, the role of
the rWGS (Eq. (5)) reaction is more relevant, giving way to higher HyO
content in the medium. H2O inhibits the production of methanol (re-
duces the reaction rates of methanol formation by CO and CO, hydro-
genation and of WGS reactions) since HoO molecules tend to strongly
adsorb on the surface active sites of the catalyst [241-243]. Moreover,
deactivation problem assumes greater relevance [244]. Thus, the higher
CO, and H50 concentrations in the reaction medium favor CuO oxida-
tion and its sintering, which is an important feature due to its irrevers-
ibility. However, these unfavorable effects should not fade the main
advantage, that is, the attenuation of coke deposition due to the afore-
mentioned role of HyO in the reaction medium for controlling the con-
centration of superficial methoxy species, as well as the ability of HoO to
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diffuse coke precursors [245]. This said, within the research works to
improve the catalyst, two pathways can be distinguished: 1) focused on
improving each function of the catalyst, and; 2) oriented towards opti-
mizing the contact between both functions of the catalyst by changing
the structure of the bifunctional catalyst particle. Besides, given its
importance in the viability of the process, the deactivation of the catalyst
is also worth of study. These features of the bifunctional catalysts for the
direct synthesis of DME from CO; are studied separately in the following
sections.

4.1. Methanol synthesis catalyst

4.1.1. Based on Cu

In the 1960s Imperial Chemical Industries proposed CuO-ZnO-Al;,03
(CZA) metallic function a suitable option for methanol synthesis under
mild conditions and has been widely used since [246]. Cu (Cuo and Cu™)
is the active species for CO and CO5 hydrogenation, whereas ZnO is used
as geometric spacer for enhancing its dispersion and for stabilizing it
[247,248], helping to hider sintering and poisoning. Nevertheless, it has
been substituted by LayO3 [249], MgO [250], FeaO3 and CeO5 [251,252]
for promoting CuO dispersion, catalyst stability and COx conversion.

Al,O3 in the CZA catalyst has also been replaced, partially or totally,
by other metal and non-metal materials. Among others, MnO has been
reported to enhance CuO and ZnO dispersion and reduce the tempera-
ture required for CuO reduction, giving way to a larger specific surface
area of active Cu® [253,254], and so, boosting DME yield. Moreover, the
Cu-Mn spinel formed resulted very active in the WGS reaction
[253,254]. Likewise, the addition of ZrO, is widely reported [255,256]
to improve the performance of the catalysts as a result of the stabiliza-
tion of the Cu®" sites under reducing and oxidizing conditions [257] and
higher Ho0 tolerance [258-264]. On the one hand, the weak hydro-
philicity of ZrO, hinders the adsorption of HyO (competing with the
adsorption of the reactants), and on the other, its basicity favors COy
adsorption, improving therefore methanol production. Given the
promising results of Cu/Zn/Zr catalysts, various authors have deepened
in broadening the knowledge on their activity. As to tailoring the cata-
lyst, Sanchez-Contador et al. [144] have further studied the effect of
ZrO, loading into the CuO-ZnO metallic function, synthesizing MeOH
from CO2/CO/Hy mixtures under the reaction conditions required for
the direct synthesis of DME. Cu/Zn/Zr = 2:1:1 was determined to be the
most suitable ratio for achieving an optimal agreement between COyx
conversion (8.14%), methanol yield and selectivity (over 98%) and
catalyst stability. Singh et al. [265] attribute the high activity of the Cu/
Zn/Zr catalysts to the interactions between Cu and ZnO and ZrO; oxides,
generating oxygen vacancies and stabilizing the methoxy species in-
termediates in the formation of methanol. Moreover, ZrO, tunes the
acidity of the bifunctional Cu/ZnO/ZrO,, adapting it to the selective
production of DME. Through steam-treatment of Cu/Zn/Zr catalysts
using tetrapropylammonium bromide (TPABr) Chen et al. [266] manage
to suppress the formation of CO via the RWGS reaction, in addition to
increasing the activity, selectivity and stability of the catalysts, due to
the increase in the concentration of oxygen vacancies. The same goal is
achieved by ultrasonic-assisted impregnation of TPABr to stabilize the
CuBr phase on the catalyst surface [267].

As to the reaction mechanism regards, Frusteri et al. [268] hypoth-
esize that ZrO5 could also have the capability for activating the adsorbed
CO,, giving way to CO2* species. These CO2* species are assumed to react
with Hy* species to give intermediate species (formate, dioxomethylene,
methoxy), which will further evolve to methanol. According to Witoon
et al. [269,270] bicarbonate species formed from CO,* are considered to
be the ones reacting with Hy* to give way to methanol. Both CuO-ZnO-
MnO and CuO-ZnO-ZrO;, catalysts outperform the results obtained with
Cu0-Zn0-Al;03 in a similar manner for Hy + CO + CO, feedstocks. The
cost of the former is lower, and so its use for CO/CO; mixtures hydro-
genation is suitable, while for pure CO, hydrogenation the latter out-
stands [255]. Li and Chen [271] studied in detail the synergyes induced
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by ZrO, (Fig. 16) and summarized the approaches to improve the cat-
alytic performance of ZrO,-containing catalysts for CO2 hydrogenation
to methanol.

Gay0s3 promoter (with lower capability for adsorbing HO than ZrO3)
[272] has been reported to facilitate the reducibility of the catalyst
[273-275], improve Cu stability [276,277] and dispersion [278].
Moreover, enhances ZnO conductivity and favors the creation of redox-
active defect sites as structural promoters [273]. Also, high methanol
yields have been achieved by the addition of GapO3 to Cu-ZrO, catalysts
[279,280]. Furthermore, in this line, quaternary catalysts have also been
proposed, like Cu-ZnO-ZrO,-TiO; [259] given the addition of TiO, leads
to the creation of oxygen vacancies for the adsorption of CO, [281], and
Cu-Zn0-Al;03-CeO, [282,283].

Pursuing the increase of methanol formation reaction rate by fa-
voring the adsorption of the reactants (Hy and CO,), the addition of
small amounts of noble metals to Cu-ZnO based catalysts has been
suggested [284]. The promoting effects of this addition have been
mainly attributed to the hydrogen spill-over mechanism [285]. Among
these metals: Au [286-288], Pd [289-291], Pt, Rh [292].

As an alternative approach, the use of SBA as support for the
confinement of Cu-ZnO actives sites within its mesoporous structure has
been studied by Prieto et al. [293]. This configuration enhanced the
contact of the active sites with the reactants, resulting in higher activity
and thus, methanol production. Carbon nanotubes [294], graphene
oxides [281], and carbonaceous coordination polymers have also been
reported as supports to boost the activity and stability of Cu-ZnO cata-
lysts. These supports reduce the size of the active sites and favor dis-
tribution, facilitating the reduction, and hampering the strong
adsorption of H,0, giving way to more stable and active catalysts for
methanol production.

4.1.2. Based on Cu alternative metals

Nevertheless, as to overcome the limitations of Cu based catalysts
(sintering, low CO; activation capacity) non Cu-based oxide catalysts
are being tested for methanol production, especially seeking for stable
catalysts for COy hydrogenation. In this regard, Wang et al. [295]
studied binary ZnO-ZrO- catalyst obtaining high per-pass CO, conver-
sion and resistance to poisoning by SO, and HsS. The -Zn-O region for
dissociating Hj is also the active site for the direct hydrogenation of CO4
to methanol with HCOO, H,COO and H,CO as intermediates. These
authors reported outstanding stability during 500 h TOS, and Wang et al.
[296] doubled (1000 h TOS) the stability with InyOg3 catalyst. In these
catalysts, defective oxygen vacancies are considered the active sites for
the direct hydrogenation of CO5 to methanol with HCOO, H,COO and
H2CO as intermediates [297-299]. With this catalyst the rWGS reaction
is inhibited [300], thus, the CO5-CO-methanol pathway of Cu based
catalysts is avoided. The addition of ZrO, as structural promoter pre-
vents InyO3 sintering and, considering that In and Zr metals have
different valence number, within the In,O3 structure additional surface
oxygen vacancies are created due to the replacement of In by Zr atoms
[301], helping CO5 adsorption [299,302] and so, the selective formation
of methanol [299,303]. Similar effect has been demonstrated for Ga
insertion into the InyOg3 lattice [304], and in both cases, controlling the
ratio between the metals is a key feature to be optimized for maximizing
the performance of the catalyst.

Co containing catalysts have also exhibited high activity for selec-
tively producing methanol from CO,, inhibiting the rWGS reaction
[305]. With Mn-Co catalysts a synergy between the metals results in
increasing surface basicity and improving methanol selectivity
[305,306]. According to Wang et al. [307], for Co based catalysts, the
addition of SiO; leads to the formation of Co-O-Si species, favoring the
formation of methanol by increasing *CH3O species reactivity and hy-
drogenation over methane production by C-O dissociation.

For their excellent stability and resistance to poisoning, noble-metal
based catalysts such as Pd/ZnO [308], Pd/InyO3 [309] and Au/ZrO,
[310]1, with different supports (i.e. GaO3 [311], CeO2 [312] or Iny03
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[309], MOF, SBA-15, CNT, SiC...), promoters (e.g. K20, MgO, CaO) and
preparation methods are also being tested with good results despite its
higher cost. Ca-promoted Pd nanoparticles (2-6 nm) over mesoporous
CeO;, are active for metanol synthesis and dehydration to DME [313]. To
be highlighted, the stability of Pd® nanoparticles, the induction of
structural defects by Ca in CeO, that favor the absorption of CO, and the
balance between the amount of basic and acidic sites. It is claimed that
Pd-Zn alloys stabilize the formate intermediates and ease the direct
formation of methanol from COs, inhibiting the CO formation by the
rWGS reaction [314,315].

For Au-based catalysts, the relevance of the support on the overall
activity and product selectivity is highlighted [142]. For these catalysts,
Hartadi et al. [316] explain the selectivity order: Au/ZnO > Au/ZrOy >
Au/TiO, > Au/Al,O3 by the larger size of Au particles, although it is
accompanied by a decrease in activity. These authors determine for the
Au/ZnO catalyst that CO; is directly hydrogenated to methanol and that
this reaction proceeds via an independent reaction pathway (presumably
with adsorbed formate and methoxy species as intermediates) [317].
This independence of the mechanisms explains the shift in the main
carbon source for methanol from CO; to CO as the temperature increases
from 240 to 300 °C [318]. Wu et al. [310] confirmed the higher activity
and selectivity of Au/ZrO, catalysts prepared with sub-nanometric
particles (1.6 nm) was due to the appropriate coupling between the
Au and the support.

4.2. Methanol dehydration catalyst

For methanol dehydration to DME solid-acid catalysts are required.
Desirably hydrophobic, stable, active and selective under the required
reaction conditions. In the vast majority of studies, y-AlyOs3 is used, given
its reported high selectivity within the temperature range required in the
process (200-300 °C) and relatively low manufacturing cost [208,319].
Ghorbanpour et al. [320] made a computational assessment of the re-
action mechanism and determined that depending on the reaction
conditions (temperature and pressure) methanol dehydration could
proceed through: i) A dissociative route, that is, methanol adsorbed in an
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acidic site would lose a water molecule and transfer into a surface
methoxy group to react to with another methanol molecule leading to
the formation of DME; or ii) an associative route, where two methanol
molecules co-adsorb on an acidic site to give DME. Nonetheless, given
the hydrophilic nature of y-Al»03, its activity decays significantly due to
the ability for adsorbing the H,O formed in the process leading to
dealumination. Moreover, H,O has multiple roles in the conversion of
methanol to DME: i) shifts the thermodynamic equilibrium of methanol
dehydration to DME; ii) decreases the acidity of the catalyst by
adsorbing on the acid sites (competing with methanol [321,322]), and
iii) inhibits the formation of methoxy ions by shifting the equilibrium
[245]:

Al — OH + CH;0H=Al— O — CH; + H,0 (45)

This feature is way more relevant for the direct CO2-to-DME process,
where hydrothermal conditions are more severe than with syngas as
reactant. Therefore, the research on the acid catalysts has focused on
mitigating the activity decay due to HyO adsorption by progressively
diminishing hydrophilicity and facilitating its desorption from the acid
sites, bearing in mind the acid catalyst for the process requires limited
acid strength, as to avoid the formation of hydrocarbons [323]. MCM-41
supported tungstophosphoric acid (TPA) has also been used, based on
the high turnover frequencies for methanol dehydration to DME [324].
On the basis of the above premises, besides modifications of y-Al,O3
[210,325], various alternatives have aroused among which zeolites
(framework types as BEA, EUO, FER, MOR, MTW, TON [326,327]) and
in a wider extent MFI type (HZSM-5 [328,329] and silicoaluminophos-
phates (SAPO-11, —18, —34)) outstand [330]. Catizzone et al. con-
ducted a screening among different framework type zeolites for
methanol to DME dehydration and studied the effect of crystal size, Si/
Al ratio and acidity. These authors claimed the better performance of
FER- and MFI-type zeolites among others, especially in terms of selec-
tivity, stability and limited formation of carbon species [326,327]. In the
literature HZSM-5 is the most studied zeolite since it exhibits good hy-
drothermal stability and activity due to its topology and acidic proper-
ties. Anyhow, the strong Bronsted nature of the sites makes it prone to
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coke deposition [331]. To overcome this a great deal of effort has been
placed on tailoring HZSM-5 [332] and numerous modifications have
been widely studied [333-335], most of them oriented towards the
passivation of the acid strength, to attenuate coke deposition [218,336].
Zeng et al. [216] determined that with the partial desilication and
dealumination of ZSM-5 the strength of the surface acidic sites di-
minishes and the mesoporous presence increases. As a consequence, not
only the catalytic performance, but also the hydrothermal stability and
deactivation resistance improved. According to Ordomsky et al. [337]
silication also resulted effective for stabilizing the HZSM-5 based cata-
lyst, minimizing the progress of the hydrocarbon pool mechanism, while
Wei et al. [338] used alkaline treatment passivation and partial activa-
tion for the same purpose. Aboul-Fotouh et al. [339] tuned the acidity
(more active catalysts achieved) by chlorination or fluorination
methods. Aloise et al. [217] reported that the increase of mesopore
diameter, obtained by desilication, allows the formation of larger
amount of accessible acidic sites, minimizing therefore the formation of
coke deposits and upgrading DME production. Krim et al. [340] attained
a DME selectivity of 74% with hollow nano-HZSM-5 with mesoporous
shell synthesized by alkaline treatment.

Sanchez-Contador et al. [330] compared the performance of HZSM-5
zeolite with Si05/Al»03 ratios of 80 and 280, subjected to thermal and
dry steaming treatments for acidity passivation, and SAPO-18 and -11
[330]. This study claims that under the conditions required for the CO»-
to-DME process (250-325 °C, ~20 bar), the performance of SAPO-11 is
slightly better than that of the thermally treated HZSM-5(280) zeolite,
and this, better than for SAPO-18 [255]. The better behavior of SAPO-11
molecular sieve is attributed to the properties of the acidic sites (high
density of weak strength acidic sites) and the AEL topology of its porous
structure) [341,342]. These properties minimize the adsorption and
retention of hydrocarbon molecules, as well as their condensation to
form polyaromatic components of coke [330]. Chen et al. [342]
demonstrated that the acidity of SAPO-11 could be diminished and
specific surface and mesoporosity increased by synthesizing nano-sized
particles (~200 nm), resulting in a better activity for methanol dehy-
dration. On the other hand, even if high methanol conversion and DME
selectivity is accomplished with SAPO-34, given the large channels and
narrow openings of its structure, suffers severe deactivation since large
hydrocarbon molecules are retained blocking the pores [343,344].

To a lesser extent, other materials have also been tested. For
example, HY zeolites or HMCM-22, Witoon et al. studied the use of
sulfated zirconia, Frusteri et al. [345] and Catizzone et al. [214,326]
justified the optimal performance of ferrierite by its porous structure and
moderate acidic strength.

4.3. Configuration of the bifunctional catalyst and catalytic bed

For the preparation of the catalyst, the metallic functions presented
in Section 4.1 and the acid functions presented in Section 4.2 have to be
combined. The typical strategy is to provide an excess of acid function.
In this way, the displacement of methanol synthesis equilibrium is
ensured (see Section 3.3) and the overall reaction is controlled by
methanol formation, which is the slowest step. Given the relevance of
the intimacy of the contact between the metallic and the acidic functions
on the overall performance of the catalyst, the configuration of the
catalytic bed has been largely addressed. Yao et al. [346] ascertain that
with a close contact between the functions DME could be generated
through a shortcut methoxy-DME pathway, with no need for methanol
formation as intermediate (typical methoxy-methanol-DME route),
resulting in a more efficient production of DME. In the literature the
following arrangements are studied: 1) Dual bed configuration, placing
first the metallic function for CO, hydrogenation to methanol, and
subsequently the acidic function for its dehydration to DME; 2) physical
mixture of metallic function and acidic function particles; 3) hybrid
configuration, the most common configuration where both functions are
mixed conforming bifunctional catalyst particles; 4) core-shell
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configuration, where one function is encapsulated by the other, and; 5)
structured catalyst. Regarding thermodynamic basis, in the first strategy
a two-set process would be taking place, at the same reaction conditions.
Therefore, the lower activity of this system over other configurations
reported by several authors is to be expected [258,346-349].

Ateka et al. [347] conducted the comparison of the strategies 1-3 for
the combination of CuO-ZnO-MnO (CZMn) metallic and SAPO-18 acidic
functions, for valorizing CO- co-fed with synthesis gas, emphasizing the
low cost of CZMn metallic catalyst among other options [153,255]. In all
cases, both functions where mixed at the optimal 2/1 mass ratio
(metallic function/acid function). In the dual bed strategy (strategy 1),
DME selectivity did not surpass 85%, evidencing the suitability of
combining the proposed functions. The conversion of the COy + CO
mixture fed (50% each) with the dual bed strategy resulted 50% lower
than when particles of both functions where mixed conforming a single
catalytic bed (strategy 2). Moreover, combining CZMn and SAPO-18 in a
single hybrid catalyst particle (strategy 3), the closer contact between
the functions led to improve DME selectivity (~95%) and boost CO, +
CO conversion, doubling that obtained in the dual bed strategy (22% vs
10%). Yao et al. [346] performed a similar study for the combination of
Cu-In-Zr-O (CIZO) and SAPO-34. They reported that the adjacency of
both functions facilitates the migration of intermediate methoxy ions
from CIZO to SAPO-34, so that DME could form directly. That is, CO»
conversion improved from <3% to ~4.5% when changing from the dual
bed strategy to hybrid catalyst, whereas DME selectivity remained
around 60% in all cases. In other cases, like for Bonura et al. [348], the
performance of the catalyst is lower for the hybrid catalyst configuration
than for the catalytic bed composed of pre-pelletized individual func-
tions (strategy 2) of Cu-ZnO-ZrOy (CZZr) and HZSM-5 zeolite in a 1/1
mass ratio [348]. This decay is related to the blockage of the zeolite
pores inlet by the metallic function on the mortar treatment and
pelletizing steps. Later, these authors studied the influence of the
precipitating agent on the generation of the metallic function directly in
a solution containing the zeolite (HZSM-5 [350], MOR or FER [349]) as
to “englobe” the latter. The procedure improved the activity of the
system, presumably by the enhanced hydrogenation functionality
related to the “multisite” reaction path; primary adsorption of Hy on the
metallic sites reacting with the CO5 adsorbed on the strong basic sites to
form methanol, and the subsequent dehydration on the acidic sites of the
zeolite.

The core-shell structure (strategy 4) is being explored as an alter-
native to hybrid catalysts [342,351]. Unlike the hybrid catalysts pre-
pared by extrusion of the metallic and acidic functions configuring each
catalyst particle, the core-shell structure consists of depositing the one
function on a previously prepared nucleus of the other. Typically, the
acid function covering the metallic nucleus (Fig. 17). This structure can
be prepared by either hydrothermal synthesis, single-crystal crystalli-
zation, dual-layer method or physically adhesive method. The general
objective of the core-shell structure in catalytic processes is to preserve
the catalyst from poisons adsorption, attenuating the sintering of the
metallic particles and controlling DME selectivity by space confining the
reactions. Thus, in multiple step reactions (cascade reactions), a more

Adhesive Acid function

Metallic function

Fig. 17. Configuration of a bifunctional catalyst particle with core-shell
structure. Reproduced from the work by Sanchez-Contador et al. [359], copy-
right 2019, Elsevier.
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favorable reaction medium is achieved for each step. There are contri-
butions in the literature for this initiative in the direct synthesis of DME,
with core-shell catalysts prepared with the conventional CuO-ZnO-
Aly03 metallic function and using as acidic function HZSM-5 zeolite
[3521, y-Al,03 [353,354], SiO5-Al,05 [355] or SAPO-11 [356]. Guffanti
et al. have conducted model analyses for evaluating the effect of the
active phase distribution [357] and of the kinetics, adsorption capacity
and mass and heat transfer [354] in the performance of hybrid, me-
chanically mixed and acidic-function@metallic-function and metallic-
function@acidic-function structured core-shell catalysts. These works
highlight the influence of the internal diffusion on productivity, pointing
out metallic-function@acidic-function as the most suitable configura-
tion, and that the small particle diameters and limited contact between
phases avoids hot spots generation, favoring DME formation.

Sanchez-Contador et al. [144,330,351] have prepared a CuO-ZnO-
ZrOy@SAPO-11 core-shell catalyst by physical adhesive methodology
(in a mass ratio of 1/2) with SiO, solution as adhesive [356,358]. With
this configuration, methanol synthesis occurs in the CuO-ZnO-ZrO; core
and diffuses for later being dehydrated in the surrounding SAPO-11
acidic shell. These authors have corroborated that the preparation
method of core-shell particles prevents the partial blockage of SAPO-11
mesopores by CuO-ZnO-ZrO particles in the pelletizing step used for
preparing hybrid catalysts. For CO3 + CO mixture hydrogenation (50%
each) a DME yield of 8.7% and selectivity of 81% are achieved with this
core-shell catalyst, whereas 7% and 77%, respectively, for the hybrid
system (325 °C, 30 bar, 7.6 gcat h molal). Fig. 18 compares the COx
conversion and products yields obtained with the core-shell configura-
tion with those obtained with the conventional hybrid configuration.
Moreover, the core-shell configuration prevents catalysts deactivation.
After 24 h TOS, ~ 37% of DME yield decrease has been reported for
conventional hybrid catalysts (from 7.4 to 4.7%), whereas the lessening
is contained (to 21%) for the core-shell configuration (from 8.67 to
6.8%) [351].

Among the causes for the better performance of the core-shell over
hybrid catalysts, the above mentioned works emphasize the creation of a
favorable reaction medium by separating the methanol synthesis and its
dehydration reactions in different regions, providing a higher avail-
ability of acidic sites on the catalyst particle surroundings for the con-
version of the methanol formed in the nucleus. On this manner, limiting
the presence of HyO in the metallic nucleus leads to a greater resistance
towards sintering of the Cu species in the nucleus [359]. Moreover, with
a core-shell structure the adverse effects derived from the interaction
between phases can be minimized. Thus, Nie et al. [360] have high-
lighted the advantage of the confinement of Cu species in the nucleus,
avoiding their migration towards the acidic function. Garcia-Trenco and
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Fig. 18. Comparison of COx conversion and products yield at zero time on
stream for bifunctional catalysts composed of CuO-ZnO-ZrO, metallic function
and SAPO-11 acidic function in hybrid and core-shell configuration. Reaction
conditions: 275 °C; 30 bar; feedstock, H,/COx of 3 and CO,/(CO5 + CO) of 0.5;
7.6 gcac h molg!. Adapted from the work by Sanchez-Contador et al. [351],
copyright 2018, Elsevier.
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Martinez [361] have proven through XPS analysis and 27 Al MAS-NMR
spectra the migration of ARY species from HZSM-5 zeolite towards the
CuO-Zn0-Al,03 metallic function, resulting in catalyst deactivation by
Cu sintering.

An important challenge for the scale-up of the COy-derived DME
synthesis is to prepare catalysts with appropriate particle size and me-
chanical strength for industrial fixed-bed reactors. This requires
addressing the agglomeration (using binders) of the catalysts configured
with optimal structure according to laboratory scale results (as shown in
this section) to build catalysts of several mm of particle size, high me-
chanical resistance and minimal performance loss (activity and selec-
tivity) due to limitations of mass and heat transport. An overall view of
the stages to progress towards the scale-up in the preparation of catalysts
has been described in the literature [362,363].

To overcome the heat transfer limitations of the commonly used
packed bed reactors with catalyst particles, the use of monolithic re-
actors (strategy 5) has been proposed and experimentally studied for
syngas feedstocks [364,365]. For such configuration, the conductivity of
the materials, cell density of corrugated monoliths and tortuosity of
open cell foams are relevant parameters. Magzob et al. [364] compared
the performance of HZSM-5 powder and monolith-structured (HZSM-5
and HZSM-5@SAPO-34) catalysts within 180-320 °C temperature
range. With the HZSM-5 monolith configuration, a reduction on
Bronsted acidic sites (and increase of Lewis acidic site density) and
improvement of mesoporosity was reported. With this characteristics,
better catalytic performance than for the powder zeolite was achieved,
thus, methanol conversion ~70%, with high DME selectivity (96%) yet
at 180 °C. Pérez-Miqueo et al. [365] investigated the use of metallic
structured reactors for the direct DME synthesis process. These authors
prepared the monoliths by wash coating the substrates with CZA and
HZSM-5, and concluded that working at almost isothermal conditions is
feasible with a volumetric productivity up to 0.20 Lpyg h™' m™ at
300 °C and 4 MPa, with a catalyst hold-up of 0.33 gcat cm 2 in a brass
monolith (for syngas feedstocks).

4.4. Catalyst deactivation and regeneration

Given its importance in the viability of the process, the attenuation of
catalyst deactivation is a priority challenge. Understanding the problem
is hampered by the coexistence of different causes and by the synergy
between the deactivation mechanisms of the metallic and acid functions.
The main causes of deactivation are [366]: i) partial blockage of the
metallic sites by coke (being considered as the fastest step in the deac-
tivation); ii) coke deposition on the micro and mesopores of the acid
function; iii) sintering of the metallic function; and iv) the detrimental
interactions between the metallic and the acidic sites.

Coke characterization studies through Temperature Programmed
Oxidation (TPO) have determined its presence both on the metallic and
acidic sites, as well as on the interphase between them (corresponding to
the inert Al;03 in the CuO-ZnO-Al;03/y-AlyO3 catalyst [254,367-369]).
However, coke is present on the metallic function since the initial stages
of the reaction, achieving a limit value in a short period of time. This
dynamic can be explained because the hydrogenation of coke precursors
slows down its evolution [370,371]. The amount of coke deposited on
the acidic function increases with time on stream, tending to a maximum
value, resulting from the equilibrium between its formation and its
diffusion to the exterior of the catalyst particles. Consequently, the
properties of the acidic function are also important both for attenuating
coke formation and for favoring the circulation of the intermediates
towards the exterior of the catalyst particles.

It is worth mentioning the contribution of promoters like MgO
[250,372], CeO4 [252], and ZrO, [373] for preventing the sintering of
CuO-ZnO metallic functions. The incorporation of these promoters
pursues enhancing CuO crystallites dispersion and stabilizing its inter-
action with the support.

The presence of HpO in the reaction medium (higher in the
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conversion of CO5 than of syngas) has different effects on the activity of
the catalyst. In first place, decreases the initial activity of the catalyst
due to the competitive adsorption with the reactants in the metallic and
acidic sites of the catalyst. The effect is very important for y-AlxO3, due
to the affinity for HyO of its Lewis sites [211,370]. Furthermore, it favors
the sintering of the metallic function, which has been proven for Cu
catalysts as their oxidation is favored [337,374,375] and generates the
disruption of the Cu-Zn synergy [240]. Fan et al. [376] have verified the
increased stability of a Cu-ZnO-ZrO,-Al;O3 catalyst used together with
HZSM-5 catalyst, when modified with Fe, which is attributed to oxygen
spillover between deficient iron oxide and Cu, mitigating oxidation (by
CO; and H30) and Cu sintering.

On the other hand, it is well established that the presence of HoO
decreases the rate of coke formation [328]. This effect has been
explained by the key role of methoxy ions as coke precursors on the
metallic and acidic sites, whose formation is thermodynamically limited
with the increase of HoO concentration [245]. In addition, HO is
competitively adsorbed with coke-forming intermediates, which are
identified as monocyclic arenes, and whose formation takes place from
hydrocarbons formed from methanol and DME [35]. Besides, the acidity
and porous structure of the acid function have a great effect on the rate
of coke deposition and on its nature and deactivating effect. Thus,
Brgnsted sites with high acidic strength are active in the reactions of
coke precursors condensation towards polyaromatic structures and,
their confinement is favored in acid functions with cavities in the porous
structure [366].

Fan et al. [377] compare the individual deactivation of the two
catalysts, CuO-ZnO-ZrO,-Al,03 (CZZA) and HZSM-5 zeolite, when
mixed or separated in cascade (first CZZA and zeolite in line). Among the
conclusions, the convenience of the proximity of both catalysts stands
out, but avoiding an excessive concentration of H,O on the surface of the
CZZA catalyst (to attenuate the sintering of Cu) and also the excessive
concentration of methanol (precursor of coke deposition in the HZSM-5
zeolite).

The configuration of the catalyst particle receives great attention for
avoiding deactivation due to the close contact between the metallic and
acid functions. Garcia-Trenco and Martinez [361] have verified the
migration of extra-framework Al*species of the HZSM-5 zeolite to the
metallic function (CuO-ZnO-Al;03) through a mechanism assisted by
H»0, causing the disruption of the Cu-Zn synergy, and facilitating the
sintering of Cu. Likewise, the migration of Cu®" ions is facilitated by the
presence of HoO and hydroxyls (Brgnsted) sites [337,378,379]. These
problems advise avoiding intimate contact between the metallic and
acid functions in the preparation of the catalyst, being the pre-
pelletization of each function separately more suitable than the joint
pelletization of a fine powder of both functions in this case [380].

Ateka et al. [254] have studied the regeneration of a CuO-ZnO-MnO/
SAPO-18 hybrid catalyst, on which coke deposition is reported to be the
main responsible for deactivation. Working at reaction-regeneration
cycles, these authors have determined that it is possible to regenerate
the bifunctional catalyst by coke combustion with air at 300 °C for 48 h.
Even if at these conditions the catalyst undergoes a slight sintering of Cu
in the first cycle, in the succeeding cycles it demonstrated to reach a
pseudo-steady state, completely recovering the activity. Being therefore
coke deactivation reversible, this study pointed out sintering as the
limiting factor for using these type of catalysts. The small activity loss
observed in the first reaction-regeneration cycle was attributed to the
sintering of a certain fraction of unstable metallic sites either due to the
high water content in the reaction medium or by the generation of hot
spots in the regeneration step [254]. Consequently, enhancing the sta-
bility of the metallic function also favors the regeneration of the catalyst
by allowing to perform coke combustion at higher temperature. In
addition, the porous structure and acidity of the catalyst, besides being
important for the attenuation of coke condensation [366], are also
relevant factors to facilitate its combustion.
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5. Conclusions and prospects

The interest of the direct synthesis of DME for valorizing CO, on a
large scale is based on the capacity for the conversion of CO; and syngas
and on the good prospects of the applications of DME as “green” fuel and
as raw material for the sustainable production of chemicals and Hy.

Carrying out the methanol dehydration reaction in situ, in the same
reactor as methanol synthesis, shifts the thermodynamic equilibrium,
upgrading oxygenates formation. Moreover, with this strategy co-
feeding of CO- together with syngas is more favorable than in the syn-
thesis of methanol, which is interesting to valorize (via gasification)
lignocellulosic biomass and wastes from the consumer society (as plas-
tics and used tires). The conversion of CO5 attained in the direct syn-
thesis of DME is higher than that in the synthesis of methanol and in the
conventional production of DME in two stages.

The reaction conditions (pressure and temperature) in the direct
synthesis of DME are different to the optimal conditions for each of the
individual reactions. Furthermore, CO> is less reactive than CO and its
hydrogenation generates a higher concentration of HyO. These differ-
ences in the operating conditions and concentration have required
studying the suitable composition and properties of the metallic and acid
functions of the catalyst. As consequence, a reasonable understanding of
the performance of some suitable compositions has been reached, in
particular for conventional configurations (hybrid catalysts prepared by
mixing and pelletizing/extrusion of both functions). As in most catalytic
processes, the main challenges correspond to the attenuation of the
deactivation of the catalyst, being the sintering of the metallic function
and coke deposition on both functions the main causes.

It is well established that the contact of the metallic and acid func-
tions favors deactivation, due to the development of species (as Cu®*
and AI*") transport mechanisms, and also that favors the synergy of coke
formation mechanisms in both functions. This knowledge has opened a
wide research field pursuing to establish the ideal core-shell configu-
ration to minimize the negative effects derived from the contact between
the two functions of the catalyst, and in particular, to achieve the sta-
bility of the catalyst.

The level of knowledge achieved in the fundamental aspects
(collected in this review) allows considering that the CO2 to DME syn-
thesis process can effectively contribute to the mitigation of climate
change. Achieving the necessary challenges for this objective requires a
multidisciplinary work at different scales (catalyst, kinetic modeling,
reactor design and scaling).

The scaling-up of the COs-derived DME synthesis process requires
catalysts prepared based on the important advances carried out in the
design of catalysts for the reactions of COy-to-methanol and methanol
dehydration to DME. To meet this objective, the advances must be
adapted to the different conditions and the different composition of the
reaction medium of the integrated process. In this sense, the co-feeding
of CO; together with syngas has good perspectives to favor the viability
of the process, but requires adequate catalysts, and the resolution of the
unknowns regarding the different mechanism for the formation of
methanol from CO and CO and the synergy between both mechanisms.
Likewise, the stability of the catalyst is a challenge requiring more
attention.

The adaptation of catalysts optimized at nanometric scale to the
needs of the industrial reactors is an important challenge. This requires
studying composites with the appropriate size and with high mechanical
resistance, without deterioration of the performance of the catalyst
particles.

The viability of the process on an industrial scale also requires
adapting the design of the catalysts to the innovations in the design of
the reactors, which, like for the hydrophilic membrane reactor, require
increasing the per pass conversion. With a different composition in the
reaction medium, a different thermodynamic situation is created in
these reactors. Accordingly, an adaptation of the catalysts to the optimal
conditions and composition in these reactors will also be required.
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Furthermore, the important development of CO, valorization ini-
tiatives to mitigate climate change, advise expanding the field of study
of the CO,-derived DME synthesis process, also considering it as pre-
ceding stage to the subsequent synthesis (online stage, or in an inte-
grated process) of fuels and chemicals (olefins or aromatics). In the latter
case, the direct DME synthesis catalyst will be used in a tandem catalyst
together with an acid catalyst for the selective conversion of DME.
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